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$&.12:/('*(0(176
, FRXOGQRWEHOLHYH WKDW , KDYH WKHFKDQFH WRGRP\ VHFRQG3K' LQ*HUPDQ\ \HW VLQFH WKH
3K' GHJUHH IURP *HUPDQ\ LV P\ GUHDP DQG YHU\ LPSRUWDQW IRU PH , DP JUDWHIXO WR 3URI
5DEF]XNDQGWKHDFDGHPLFFRPPLWWHHRI%DXKDXV8QLYHUVLW\:HLPDUZKRERWKVXSSRUWPHWRGR
P\ VHFRQG 3K' ,Q WKH SURFHVV RI P\ VHFRQG 3K' PDQ\ SHRSOH JDYHPH D ORW RI KHOS LQ
GLIIHUHQWZD\V,ZRXOGOLNHWRDFNQRZOHGJHWKHPIRUWKHLUFRQWULEXWLRQV
)LUVW,ZRXOGOLNHWRWKDQNP\VXSHUYLVRU3URI7LPRQ5DEF]XNIRUKLVFRQWLQXRXVLQVSLUDWLRQ
JRRGFRQFHUQDQGLQVLJKWIXOFRPPHQWV+LVHIILFLHQWZRUNJLYHVPHGHHSLPSUHVVLRQ%RWKKLV
HQWKXVLDVPRIVFLHQWLILFUHVHDUFKDQGKLVRSHQPLQGDUHKLJKO\DSSUHFLDWHG
,ZDQWWRWKDQNRXUVHFUHWDULHV0UV0DUOLHV7HUEHU0UV5RVHPDULH0D\HUJLYHPHDORWRI
KHOSLQWKHSURFHVV
,ZRXOGOLNHWRWKDQN3URI&DUVWHQ.|QNHJLYHPHPXFKKHOSLQP\UHVHDUFK,ZRXOGOLNHWR
WKDQN'U7RP/DKPHUKHOSPHWUDQVODWHWKHDEVWUDFWDQGWLWOHRIWKHWKHVLV
,ZRXOGDOVROLNHWRWKDQNP\ILUVW3K'DQG0DVWHUVXSHUYLVRU3URI:DQOLQ*XRDW1DQMLQJ
8QLYHUVLW\RI$HURQDXWLFVDQG$VWUDXWLFV18$$&KLQD+HDOZD\VHQFRXUDJHPHZKHQ,IHHO
ORVH +H DOZD\V JLYHV PH D ORW RI LPSRUWDQW VXJJHVWLRQV EDVHG RQ KLV VWURQJ EDFNJURXQG LQ
QDQRPHFKDQLFVDQGVROLGPHFKDQLFV,ZDQWWRWKDQN3URI/LIHQJ:DQJDW18$$JLYHPHDORW
RIKHOSDQGVXJJHVWLRQVLQP\UHVHDUFK
,ZRXOGOLNHWRWKDQNP\SRVWGRFVXSHUYLVRU3URI=KLOLDQJ=KDQJDW1RUZHJLDQ8QLYHUVLW\RI
6FLHQFH DQG7HFKQRORJ\ 17181RUZD\+H LQYLWHGPH WR1718 VWXG\ SRO\PHUV LQ 
ZKHQ , ILQLVKHGP\ILUVW3K' , OHDUQHGD ORWRINQRZOHGJHDW1718LQ WZRDQGKDOI\HDUV ,
ZRXOG OLNH WR WKDQN'U6KLMR1DJDR'U-LDQ\DQJ:X'U-LDQ\LQJ+H'U;LDRER5HQ'U
-XQ\DQ/LXDW1718IRUWKHLUGLIIHUHQWKHOS
,ZRXOGDOVROLNHWRWKDQN'U-LQ:X-LDQJLQRXUJURXS,DOZD\VOHDUQVRPHNQRZOHGJHIURP
KLPZKHQZHGLVFXVV VRPH LVVXHV WRJHWKHU+LVGHHSO\SK\VLFDOEDFNJURXQGJLYHVPHD ORWRI
KHOS,ZRXOGOLNHWRWKDQN'U<DQFKHQJ=KDQJ06<XH-LDDQG'U1LQJ:HLJLYHPHPXFK
KHOSLQP\UHVHDUFK,ZDQWWRWKDQN06&KDR=KDQJ06&XL[LD:DQJIRUWKHLUJRRGFRQFHUQ
ii 
 
,QSDUWLFXODU,ZDQWWRWKDQN'U3DWWDEKL%XGDUDSXJLYHPHPXFKKHOSDQG,ZLOOQHYHUIRUJHW
RXUIDPLO\¶VIULHQGVKLS
,ZDQW WR WKDQN'U &RVPLQ$QLWHVFX'U9RONPDU =DEHO 'U'DQLHO $PROG 'U+RVVHLQ
$VDGL'U0LFKDHO6FKZHGOHU'U0RKDPPDG6LODQL'U+RVVHLQ7DOHEL'U9X%DF1DP'U
1KRQ1JX\HQ7KDQKDQG'U/XIRUWKHLUGLIIHUHQWKHOSLQRXUJURXS
'HHSHVWORYHLVGXHWRP\EHORYHGIDPLO\,DPJUDWHIXOWRP\'DGDQG%URWKHUV7KH\DOZD\V
HQFRXUDJHDQGVXSSRUWPHDWDQ\WLPH0RVWLPSRUWDQWO\,KHDUWLO\DSSUHFLDWHP\ZLIH:LWKRXW
KHUVXSSRUWDQGHQFRXUDJHPHQWP\WKHVLVZRXOGKDYHEHHQQHYHUDFFRPSOLVKHG0\GHDUZLIH
DQGOLWWOHVRQDUHDOZD\VWKHVZHHWHVWSDUWRIP\KHDUW














iii 
 
$%675$&7
7KLV WKHVLV FRQFHUQV WKH SK\VLFDO DQG PHFKDQLFDO LQWHUDFWLRQV RQ FDUERQ QDQRWXEHV DQG
SRO\PHUVE\PXOWLVFDOHPRGHOLQJ
&17V KDYH DWWUDFWHG FRQVLGHUDEOH LQWHUHVWV LQ YLHZ RI WKHLU XQLTXH PHFKDQLFDO HOHFWURQLF
WKHUPDORSWLFDODQGVWUXFWXUDOSURSHUWLHVZKLFKHQDEOHWKHPWRKDYHPDQ\SRWHQWLDODSSOLFDWLRQV
&DUERQ QDQRWXEH H[LVWV LQ VHYHUDO VWUXFWXUH IRUPV IURP LQGLYLGXDO VLQJOHZDOOHG FDUERQ
QDQRWXEHV 6:&17V DQG PXOWLZDOOHG FDUERQ QDQRWXEHV 0:&17V WR FDUERQ QDQRWXEH
EXQGOHV DQG QHWZRUNV 7KH PHFKDQLFDO SURSHUWLHV RI 6:&17V DQG 0:&17V KDYH EHHQ
H[WHQVLYHO\ VWXGLHG E\ FRQWLQXXPPRGHOLQJ DQGPROHFXODU G\QDPLFV 0' VLPXODWLRQV LQ WKH
SDVWGHFDGHVLQFHWKHSURSHUWLHVFRXOGEHLPSRUWDQWLQWKH&17EDVHGGHYLFHV&17EXQGOHVDQG
QHWZRUNV IHDWXUH RXWVWDQGLQJPHFKDQLFDO SHUIRUPDQFH DQG KLHUDUFKLFDO VWUXFWXUHV DQG QHWZRUN
WRSRORJLHV ZKLFK KDYH EHHQ WDNHQ DV D SRWHQWLDO VDYLQJHQHUJ\ PDWHULDO ,Q WKH V\QWKHVLV RI
QDQRFRPSRVLWHV WKH IRUPDWLRQ RI WKH&17 EXQGOHV DQG QHWZRUNV LV D FKDOOHQJH WR UHPDLQ LQ
XQGHUVWDQGLQJ KRZ WRPHDVXUH DQG SUHGLFW WKH SURSHUWLHV RI VXFK ODUJH V\VWHPV 7KHUHIRUH D
PHVRVFDOH PHWKRG VXFK DV D FRDUVHJUDLQHG &* PHWKRG VKRXOG EH GHYHORSHG WR VWXG\ WKH
QDQRPHFKDQLFDOFKDUDFWHUL]DWLRQRI&17EXQGOHVDQGQHWZRUNVIRUPDWLRQ
,QWKLV WKHVLV WKHPDLQFRQWULEXWLRQVFDQEHZULWWHQDVIROORZV([SOLFLWVROXWLRQVIRU WKH
FRKHVLYH HQHUJ\ EHWZHHQ FDUERQ QDQRWXEHV JUDSKHQH DQG VXEVWUDWHV DUH REWDLQHG WKURXJK
FRQWLQXXPPRGHOLQJRI WKHYDQGHU:DDOV LQWHUDFWLRQEHWZHHQ WKHP 7KH&*SRWHQWLDOVRI
6:&17VDUHHVWDEOLVKHGE\DPROHFXODUPHFKDQLFVPRGHO7KHELQGLQJHQHUJ\EHWZHHQWZR
SDUDOOHODQGFURVVLQJ6:&17VDQG0:&17VLVREWDLQHGE\FRQWLQXXPPRGHOLQJRIWKHYDQGHU
:DDOVLQWHUDFWLRQEHWZHHQWKHP
&U\VWDOOLQH DQG DPRUSKRXV SRO\PHUV DUH LQFUHDVLQJO\ XVHG LQPRGHUQ LQGXVWU\ DV VWUXFWXUDO
PDWHULDOVGXH WR LWV LPSRUWDQWPHFKDQLFDODQGSK\VLFDOSURSHUWLHV)RUFU\VWDOOLQHSRO\HWK\OHQH
3(GHVSLWHLWVLPSRUWDQFHDQGWKHVWXGLHVRIDYDLODEOH0'VLPXODWLRQVDQGFRQWLQXXPPRGHOV
WKH OLQNEHWZHHQPROHFXODUDQGFRQWLQXXPGHVFULSWLRQVRI LWVPHFKDQLFDOSURSHUWLHV LVVWLOOQRW
ZHOO HVWDEOLVKHG )RU DPRUSKRXV SRO\PHUV WKH FKDLQ OHQJWK DQG WHPSHUDWXUH HIIHFW RQ WKHLU
HODVWLFDQGHODVWLFSODVWLFSURSHUWLHVKDVEHHQ UHSRUWHGEDVHGRQ WKHXQLWHGDWRP8$DQG&*
iv 
 
0'VLPXODWLRQV LQ RXU SUHYLRXVZRUN+RZHYHU WKH HIIHFW RI WKH&/ DQG WHPSHUDWXUH RQ WKH
IDLOXUHEHKDYLRULVQRWXQGHUVWRRGZHOO\HW(VSHFLDOO\WKHIDLOXUHEHKDYLRUXQGHUVKHDUKDVEHHQ
VFDUFHO\ UHSRUWHG LQ SUHYLRXV ZRUN 7KHUHIRUH XQGHUVWDQGLQJ WKH PROHFXODU RULJLQV RI
PDFURVFRSLFIUDFWXUHEHKDYLRUVXFKDVIUDFWXUHHQHUJ\LVDIXQGDPHQWDOVFLHQWLILFFKDOOHQJH
,Q WKLV WKHVLV WKHPDLQ FRQWULEXWLRQV FDQEHZULWWHQ DV IROORZV $QDQDO\WLFDOPROHFXODU
PHFKDQLFVPRGHO LVGHYHORSHGWRREWDLQWKHVL]HGHSHQGHQWHODVWLFSURSHUWLHVRIFU\VWDOOLQH3(
:H VKRZ WKDW WKH WZRPROHFXODUPHFKDQLFVPRGHOV WKH VWLFNVSLUDO DQG WKHEHDPPRGHOV
SUHGLFWFRQVLGHUDEO\GLIIHUHQWPHFKDQLFDOSURSHUWLHVRIPDWHULDOVEDVHGRQHQHUJ\HTXLYDOHQFH
7KHGLIIHUHQFHEHWZHHQWKHWZRPRGHOVLVLQGHSHQGHQWRIWKHPDWHULDOV7KHWHQVLOHDQGVKHDU
IDLOXUH EHKDYLRU GHSHQGHQFH RQ FKDLQ OHQJWK DQG WHPSHUDWXUH LQ DPRUSKRXV SRO\PHUV DUH
VFUXWLQL]HGXVLQJPROHFXODUG\QDPLFVVLPXODWLRQV
)LQDOO\WKHLQIOXHQFHRISRO\PHUZUDSSHGWZRQHLJKERXULQJ6:17V¶GLVSHUVLRQRQWKHLUORDG
WUDQVIHULVLQYHVWLJDWHGE\PROHFXODUG\QDPLFV0'VLPXODWLRQVLQZKLFKWKH6:17V
SRVLWLRQ
WKHSRO\PHUFKDLQOHQJWKDQGWKHWHPSHUDWXUHRQWKHLQWHUDFWLRQIRUFHLVV\VWHPDWLFDOO\VWXGLHG
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.XU]IDVVXQJ
'LH YRUOLHJHQGH 'RNWRUDUEHLW EHVFKlIWLJW VLFK PLW GHQ SK\VLNDOLVFKHQ XQG PHFKDQLVFKHQ
=XVDPPHQKlQJHQYRQ.RKOHQVWRIIQDQRU|KUHQ&17 FDUERQQDQRWXEHXQG3RO\PHUHQPLWWHOV
0XOWLVNDOHQPRGHOOLHUXQJ &17V KDEHQ GXUFK LKUH HLQ]LJDUWLJHQ PHFKDQLVFKHQ HOHNWULVFKHQ
WKHUPLVFKHQ RSWLVFKHQ (LJHQVFKDIWHQ HUKHEOLFKHV ,QWHUHVVH DXI VLFK JH]RJHQ ,KUH EHVRQGHUHQ
(LJHQVFKDIWHQHUP|JOLFKHQYLHOHSRWHQWLHOOH(LQVDW]JHELHWH
&17 NRPPWLQ YLHOHQ VWUXNWXUHOOHQ9DULDWLRQHQ YRU YRQ GHU HLQZDQGLJHQ &17 6:&17  
VLQJOHZDOOHG FDUERQ QDQRWXEH EHU GLHPHKUZDQGLJH&17 0:&17 PXOWLZDOOHG FDUERQ
QDQRWXEH ELV ]XU &17EQGHOQ XQG QHW]ZHUNHQ 'LH PHFKDQLVFKHQ (LJHQVFKDIWHQ YRQ
6:&17V XQG 0:&17V ZXUGHQ EHUHLWV LP OHW]WHQ -DKU]HKQW ZHLWJHKHQG GXUFK
.RQWLQXXPVPRGHOOH XQG 0ROHNXHOG\QDPLN 0' 6LPXODWLRQ XQWHUVXFKW &17%QGHO XQG 
QHW]ZHUNH ZHLVHQ KHUYRUUDJHQGH PHFKDQLVFKH /HLVWXQJHQ KLHUDUFKLVFKH 6WUXNWXUHQ XQG
1HW]ZHUNWRSRORJLHQ DXI 'LHVH 6WUXNWXUHQ N|QQWHQ DOV SRWHQWLHOOH HQHUJLHVSDUHQGH0DWHULDOHQ
HLQJHVHW]W
%HL GHU 'DUVWHOOXQJ YRQ 1DQRYHUEXQGHQ EOHLEW GLH $QRUGQXQJ YRQ &17%QGHOQ XQG 
QHW]ZHUNHQHLQH+HUDXVIRUGHUXQJ'LHVHLVWDEHUZLFKWLJXP]XYHUVWHKHQZLHGLH(LJHQVFKDIWHQ
HLQHV VROFK JURHQ 6\VWHPV JHPHVVHQ XQG YRUKHUJHVDJW ZHUGHQ N|QQHQ 'DKHU LVW HLQH
0HVRVNDOHQ0HWKRGH VRPH HLQHU *URENRUQPHWKRGH &* ]X HQWZLFNHOW XP GLH
QDQRPHFKDQLVFKHQ(LJHQVFKDIWHUYRQ&17%QGHOQXQGQHW]ZHUNHQ]XXQWHUVXFKHQ
'LHVH'RNWRUDUEHLWOLHIHU%HLWUDJ]XU/|VXQJIROJHQGHV3XQNWH
([SOL]LWH/|VXQJHQIUGLHNRKlVLYH(QHUJLH]ZLVFKHQ.RKOHQVWRIIDQRU|KUFKHQ*UDSKLWXQG
6FKLFKWWUlJHUZHUGHQGXUFK.RQWLQXXPVPRGHOOHGHUYDQGHU:DDOV.UlIWHJHIXQGHQ
 'DV 3RWHQWLDO ]XU JUREN|UQLJHQ 'DUVWHOOXQJ YRQ 6:&17V ZLUG GXUFK PROHNXODU
PHFKDQLVFKH0RGHOOHQDFKJHZLHVHQ
'LHELQGHQGHQ(QHUJLHQ]ZLVFKHQ]ZHLSDUDOOHOHQXQGNUHX]HQGHQ6:&17VXQG0:&17V
ZLUGGXUFK.RQWLQXXPVPRGHOOHULHUXQJGHUYDQGHU:DDOV.UlIWH]ZLVFKHQLKQHQIHVWJHVWHOOW
vi 
 
.ULVWDOOLQH XQG DPRUSKH 3RO\PHUH ZHUGHQ ZHJHQ LKUHU ZLFKWLJHQ PHFKDQLVFKHQ XQG
SK\VLVFKHQ(LJHQVFKDIWHQ]XQHKPHQGLQPRGHUQHU,QGXVWULHDOV%DXPDWHULDOHLQJHVHW]W
)U NULVWDOOLQH 3RO\HWK\OHQH 3( LVW WURW] LKUHU JURHQ %HGHXWXQJ XQG QXPHULVFKHU
0RGHOOLHUXQJ XQG 6LPXODWLRQHQ GLH 9HUELQGXQJ ]ZLVFKHQ PROHNXODUHU XQG NRQWLQXLHUOLFKHU
%HVFKUHLEXQJ GHU PHFKDQLVFKHQ (LJHQVFKDIWHQ QRFK QLFKW DXVUHLFKHQG EHNDQQW )U DPRUSKH
3RO\PHUHZXUGHGHU(IIHNWYRQ7HPSHUDWXUXQG.HWWHQOlQJHDXILKUHHODVWLVFKHQXQGHODVWLVFK
SODVWLVFKHQ(LJHQVFKDIWHQXQWHUVXFKW'LH(UJHEQLVVHEDVLHUHQDXIGHU³XQLWHGDWRP6LPXODWLRQ´
VRPH*URENRUQXQG0'6LPXODWLRQ
$OOHUGLQJVNRQQWHQGLH(IIHNWHGHU.HWWHQOlQJHXQG7HPSHUDWXUDXIGDV%UXFKUYHUKDOWHQQRFK
QLFKW QDFKYROO]RJHQZDUGHQ LQVEHVRQGHUH XQWHU 6FKXEVSDQQXQJ'DKHU LVW GDV9HUVWlQGLV GHV
PROHNXODUHQ 8UVSUXQJV YRQ PDNURVNRSLVFKHP %UXFKYHUKDOWHQ ZLH %UXFKHQHUJLH HLQH
IXQGDPHQWDOHZLVVHQVFKDIWOLFKH+HUDXVIRUGHUXQJ
,QGLHVHU7KHVLVVROOGHU+DXSWEHLWUDJDXVIROJHQGHQ3XQNWHVEHVWHKHQ
 (LQ DQDO\WLVFKHV PROHNXODUPHFKDQLVFKHV 0RGHOO VROO HQWZLFNHOW ZHUGHQ XP GLH
JU|HQDEKlQJLJHQHODVWLVFKHQ(LJHQVFKDIWHQYRQNULVWDOOLQHP3RO\HWK\OHQ]XEHVWLPPHQ
(VZLUG JHJHLJW GDVV GLH ]ZHLPROHNXODUPHFKDQLVFKHQ0RGHOOH GDV ³VWLFNVSLUDOPRGHO´
XQG GDV ³EHDP PRGHO´ VWDUN XQWHUVFKLHGOLFKH PHFKDQLVFKH (LJHQVFKDIWHQ GHU 0DWHULDOLHQ
EDVLHUHQGDXI(QHUJLHJOHLFKVWHOOXQJYRUKHUVDJHQ'HU8QWHUVFKLHG]ZLVFKHQGHQ]ZHL0RGHOOHQ
LVWXQDEKlQJLJYRP0DWHULDO
'DV)HKOHUYHUKDOWHQXQWHU=XJXQG6FKXEVSDQQXQJZHOFKHDEKlQJLJYRQGHU.HWWHQOlQJH
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XQGHUVWDQGLQJRIWKHLUSURSHUWLHVLVWKXVVLJQLILFDQWWRHQVXUHWKHRSWLPXPSHUIRUPDQFHRI&17V
LQSRWHQWLDODSSOLFDWLRQV,QSDUWLFXODUDWKRURXJKXQGHUVWDQGLQJRIWKHLUPHFKDQLFDOSURSHUWLHVLV
HVVHQWLDO LQ GHVLJQLQJ PDQXIDFWXULQJ SURFHVVHV RU WR HQVXUH UHOLDELOLW\ GXULQJ RSHUDWLRQ RI
GHYLFHV 7KH PHFKDQLFDO SURSHUWLHV RI &17V KDYH EHHQ H[WHQVLYHO\ VWXGLHG E\ FRQWLQXXP
PRGHOLQJDQGDWRPLVWLFVLPXODWLRQVLQWKHSDVWGHFDGH2GHUJDUGHWDO=KDQJHWDO
&KDQJDQG*DR/LDQG*XRVLQFHWKHSURSHUWLHVFRXOGEHLPSRUWDQW LQ WKH&17
EDVHGGHYLFHV$WRPLVWLFEDVHGPHWKRGV VXFKDVFODVVLFDOPROHFXODUG\QDPLFV 0' ,LMLPDHW
DO<DNREVRQHWDOWLJKWELQGLQJ0'+HUQDQGH]HWDO=KDRHWDO
DQGGHQVLW\IXQFWLRQDOWKHRU\6DQFKH]3RUWDOHWDO=KDQJHWDOKDYHEHHQXVHGWR
VWXG\WKHPHFKDQLFDOSURSHUWLHVRI&17V+RZHYHUFRPSDUHGZLWKERWWRPXSDSSURDFKHVWRS
GRZQDSSURDFKHVPD\VXEVWDQWLDOO\UHGXFHWKHFRPSXWDWLRQDOFRVWVDQGDUHWKXVIUHTXHQWO\XVHG
LQ UHODWHG LQYHVWLJDWLRQV %\ HTXDWLQJ WKHPROHFXODU SRWHQWLDO HQHUJ\ RI QDQRPDWHULDOV WR WKH
PHFKDQLFDOVWUDLQHQHUJ\RIDUHSUHVHQWDWLYHFRQWLQXXPPRGHO2GHUJDUGHWDOREWDLQHGD
UHODWLRQEHWZHHQHIIHFWLYHEHQGLQJULJLGLW\DQGPROHFXODUSURSHUWLHVRIDJUDSKHPHVKHHW&KDQJ
DQG *DR  HVWDEOLVKHG DQ DQDO\WLFDO VWLFNVSLUDO PRGHO 660 EDVHG RQ PROHFXODU
PHFKDQLFV PHWKRG DQG IRU WKH ILUVW WLPH GHULYHG FORVHGIRUP H[SUHVVLRQV IRU WKH HODVWLF
SURSHUWLHV RI GLIIHUHQW 6:&17V $Q LPSURYHG PRGHO E\ -LDQJ DQG *XR  ZDV XVHG WR
LQYHVWLJDWH WKHHODVWLFSURSHUWLHVRI VLQJOHZDOOHGERURQQLWULGHQDQRWXEHV/L DQG&KRX 
SUHVHQWHGDEHDPPRGHOIRUFDUERQFDUERQERQGVEDVHGRQWKHPROHFXODUPHFKDQLFV
&RQVLGHULQJWKHLPSRUWDQWLQIOXHQFHRIWKHYDQGHU:DDOVYG:LQWHUDFWLRQ5X
SURSRVHG D FRQWLQXXP VKHOOPRGHO WR VWXG\ WKH EXFNOLQJ RI GRXEOHZDOOHG&17V:DQJ HW DO
 H[WHQGHG 5X¶V YG:PRGHO WR FDSWXUH WKH EXFNOLQJ FKDUDFWHULVWLFV RI WKH PXOWLZDOOHG
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&17V7KH DSSOLFDELOLW\ DQG OLPLWDWLRQV RI WKH VKHOOPRGHOVZHUH DOVR GLVFXVVHG 6KHQ 
SUHVHQWHG D WUDGLWLRQDO F\OLQGULFDO VKHOO PRGHO IRU WKH SRVWEXFNOLQJ RI D GRXEOHZDOOHG &17
XVLQJ5X¶VYG:LQWHUDFWLRQPRGHO+HHWDOGHYHORSHGDQHZYG:LQWHUDFWLRQPRGHOIRU
QRWRQO\WKHSRVWEXFNOLQJSUHVVXUHEXWDOVRWKHSUHEXFNOLQJSUHVVXUHEHWZHHQDQ\WZROD\HUVRI
PXOWLZDOOHG &17V ZKHUH WKH LQIOXHQFH RI LQWHUOD\HU VSDFLQJ DQG WKH WXEH UDGLXV RQ WKH
SUHVVXUHV ZHUH DOVR FRQVLGHUHG &KDQJ  GHYHORSHG DQ DQLVRWURSLF VKHOO PRGHO WR
LQYHVWLJDWH PHFKDQLFDO EHKDYLRU RI VLQJOHZDOOHG &17V LQ ZKLFK WKH PRGHO FDQ EH XVHG WR
HIIHFWLYHO\GHVFULEHWKHFKLUDOLW\HIIHFWRQPHFKDQLFDOSURSHUWLHV
5HFHQWO\ WKH FRKHVLYH SURSHUWLHV EHWZHHQ GRXEOH &17V PXOWL&17V DQG &17SRO\PHU
PDWUL[KDYHEHHQVWXGLHGV\VWHPDWLFDOO\-LDQJHWDO/XHWDO+RZHYHUWKHDERYH
PHQWLRQHGVWXGLHVPDLQO\FRQFHUQHGRQWKHFUXFLDOHIIHFWRIWKHYG:LQWHUDFWLRQVRQWKHHODVWLF
SURSHUWLHVRIWKHPXOWLZDOOHG&17V&17SRO\PHUDQGWKHFU\VWDOOLQH3(7KHFURVVLQJ&17V
&17JUDSKHQH DQG &17VXEVWUDWH DUH ZLGHO\ XVHG LQ &17V HOHFWURQLF GHYLFHV )RU LQVWDQFH
)LJVKRZVDVFKHPDWLFVWUXFWXUH LQ WKHH[SHULPHQWV *HEOLQJHUHW DO.RHQLQJHWDO
:DQJHWDO7KHUHIRUHWKHVXUIDFHYG:IRUFHVSOD\DNH\UROHRQWKHPHFKDQLFDO
EHKDYLRURIWKHFURVVLQJ&17V&17JUDSKHQHDQG&17VXEVWUDWH.RHQLQJHWDO:DQJ
HWDO$FOHDUXQGHUVWDQGLQJRIWKHYG:LQWHUDFWLRQVLQWKHVHV\VWHPVLVFUXFLDOIRUWKHLU
SRWHQWLDODSSOLFDWLRQVLQWKHQDQRHOHFWURPHFKDQLFDOV\VWHPVDQGHOHFWURQLFGHYLFHV

)LJ6FKHPDWLFGLDJUDPRIWKHFDUERQQDQRWXEHVHUSHQWLQH&16RQDVWHSSHGVXEVWUDWH*HEOLQJHUHWDO

)XUWKHUPRUH &17V QHWZRUNV IHDWXUH RXWVWDQGLQJ PHFKDQLFDO SHUIRUPDQFH DQG KLHUDUFKLFDO
VWUXFWXUHVDQGQHWZRUNWRSRORJLHVZKLFKKDYHEHHQWDNHQDVDSRWHQWLDOVDYLQJHQHUJ\PDWHULDO
;LHHWDO ,Q WKHV\QWKHVLVRIQDQRFRPSRVLWHV WKHIRUPDWLRQRI WKH&17VEXQGOHV LVD
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FKDOOHQJH WR UHPDLQ LQXQGHUVWDQGLQJKRZ WRPHDVXUH DQGSUHGLFW WKHSURSHUWLHVRI VXFK ODUJH
V\VWHPV$MD\DQDQG%DQKDUW.LVHWDO2QWKHRWKHUKDQGWKHGLVSHUVLRQRI&17V
ZLWKLQ WKH PDWULFHV DQG WKHLU LQWHUIDFHV DUH RI FULWLFDO LPSRUWDQFH WR HVWDEOLVK HIILFLHQW ORDG
EHDULQJSHUIRUPDQFHIRUODUJHVFDOHDSSOLFDWLRQV&UDQIRUGHWDO+RZHYHUWKLVSUREOHP
KDV QRW EHHQ VROYH VDWLVIDFWRULO\ \HW =KLJLOHL HW DO  GHYHORSHG DPHVRVFRSLFPRGHO RI
LQGLYLGXDO6:&17VE\IXOODWRP0'VLPXODWLRQVZLWK0))SRWHQWLDOV7KHVWUHWFKLQJEHQGLQJ
DQG WRUVLRQ &* SRWHQWLDOV RI GLIIHUHQW 6:&17V ZHUH UHSRUWHG ZKLOH WKH QRQERQGHG &*
SRWHQWLDOVZHUHQRWFRQVLGHUHGLQWKLVZRUN%XHKOHUDQGKLVJURXSGHYHORSHGDPHVRVFDOHPRGHO
WRVWXG\WKHQDQRPHFKDQLFDOFKDUDFWHUL]DWLRQRI&17EXFN\SDSHUDQGEXQGOHIRUPDWLRQ%XHKOHU
&UDQIRUGDQG%XHKOHU&UDQIRUGHWDO;X¶VJURXS;LHHWDO:DQJHW
DO  DQG /L DQG .U|JHU  GHWDLOHG VWXGLHG WKH PHFKDQLFDO SURSHUWLHV RI WKH WZR
GLPHQVLRQDODQGWKUHHGLPHQVLRQDO&17QHWZRUNVEDVHGRQWKHPHVRFDOHPRGHO+RZHYHUWKH
SRWHQWLDOVRIRQHNLQGRIVLQJOHZDOOHG&176:&17ZHUHRQO\UHSRUWHGDQGWKHWRUVLRQ
SRWHQWLDOVZHUHQHJOHFWHGLQWKHVHZRUNDQGWKHQRQERQGHGSRWHQWLDORIEHWZHHQWKHWZRVDPH
&*EHDGVRI&17VZHUHRQO\SURYLGHGEDVHGRQWKHIXOODWRP0'UHVXOWV%XHKOHU
$FWXDOO\WKHWZRSDUDPHWHUVRIWKHLU/-SRWHQWLDOVDUHREWDLQHGE\ILWWLQJWKHDGKHVLRQHQHUJ\DW
WKH HTXLOLEULXP GLVWDQFH EHWZHHQ WZR &17V DQG WKH UHVXOWV DUH RQO\ HIIHFWLYH XQGHU VPDOO
GHIRUPDWLRQE\FRPSDULVRQZLWKIXOODWRP0'DQGWKH&*0'VLPXODWLRQV7KHVHUHDVRQVOHDG
WR WKH OLPLWDWLRQV IRU IXUWKHU VWXG\LQJ RWKHU NLQG RI 6:&17V VLQFHPDQ\ GLIIHUHQW 6:&17V
VKRXOGEHRIWHQRFFXUUHGXQGHUODUJHGHIRUPDWLRQLQWKHSUDFWLFDODSSOLFDWLRQV
7KHUHIRUH LW LV VLJQLILFDQW WR HVWDEOLVK WKH FRDUVHJUDLQHG &* SRWHQWLDOV IRU GLIIHUHQW
6:&17V $W WKH QDQRVFDOH WKH ZHDN YDQ GHU :DDOV LQWHUDFWLRQV JRYHUQ WKH VWUXFWXUDO
RUJDQL]DWLRQDQGWKHPHFKDQLFDOSURSHUWLHVRI&17EXQGOHVDQGQHWZRUNV&UDQIRUGHWDO
5X=KRXHWDO7KHLQWHUDFWLRQVRILQGLYLGXDO&17VLQODUJHUVFDOHVWUXFWXUHVRIWHQ
SOD\DFULWLFDOUROHLQWKHPHFKDQLFDOFKDUDFWHUL]DWLRQRI&17V\VWHPV+RZWRSURYLGHDFFXUDWH
&*QRQERQGHGSRWHQWLDOVEHWZHHQ WZR VDPH&*EHDGV HVSHFLDOO\EHWZHHQ WZRGLIIHUHQW&*
EHDGV VKRXOG EH D FULWLFDO LVVXH VR WKDW WKH UHOLDEOH UHVXOWV FDQ EH REWDLQHG IURP WKH&*0'
VLPXODWLRQV
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&U\VWDOOLQH DQG DPRUSKRXV SRO\PHUV DUH WZR RI WKHPRVW IXQGDPHQWDO SRO\PHUVPROHFXODU
VKDSHVWKDWKDYHZLGHO\EHHQLQYHVWLJDWHGE\PDQ\UHVHDUFKHUVGXHWRWKHLPSRUWDQWSK\VLFDODQG
FKHPLFDOSURSHUWLHV%R\GHWDO3DQWHWDO=KDQJDQG0OOHU3ODWKH)RU
FU\VWDOOLQHSRO\HWK\OHQH3(GHVSLWHLWVLPSRUWDQFHDQGWKHVWXGLHVRIDYDLODEOH0'VLPXODWLRQV
DQGFRQWLQXXPPRGHOV.DUDVDZDHWDO=KDRHWDOD1LNRORYHWDOWKHOLQN
EHWZHHQ PROHFXODU DQG FRQWLQXXP GHVFULSWLRQV RI LWV PHFKDQLFDO SURSHUWLHV LV VWLOO QRW ZHOO
HVWDEOLVKHG)RUDPRUSKRXVSRO\PHUV*ODVVIRUPLQJSRO\PHUV77J7JLVWKHJODVVWUDQVLWLRQ
WHPSHUDWXUHDUHRIJUHDW LQGXVWULDO LPSRUWDQFHDQGVFLHQWLILF LQWHUHVW7KHLUXQLTXHPHFKDQLFDO
SURSHUWLHVDULVH IURPWKHFRQQHFWLYLW\DQGUDQGRPZDONOLNHVWUXFWXUHRI WKHFRQVWLWXHQWFKDLQV
6KHSKHUG$WYHU\VPDOOVWUDLQVWKHUHVSRQVHLVHODVWLF$WVOLJKWO\ODUJHUVWUDLQV\LHOGLQJ
RFFXUVZKHQLQWHUPROHFXODUEDUULHUVWRVHJPHQWDOUHDUUDQJHPHQWVDUHRYHUFRPH)ROORZLQJ\LHOG
WKHPDWHULDOPD\H[KLELWVWUDLQVRIWHQLQJDUHGXFWLRQLQVWUHVVWRDOHYHOFRUUHVSRQGLQJWRSODVWLF
IORZ$WKLJKHUVWUDLQVWKHVWUHVVLQFUHDVHVDVWKHFKDLQPROHFXOHVRULHQWLQDSURFHVVNQRZQDV
VWUDLQKDUGHQLQJ6WUDLQKDUGHQLQJVXSSUHVVHVVWUDLQORFDOL]DWLRQFUD]LQJQHFNLQJVKHDUEDQGLQJ
DQGLVFULWLFDOLQGHWHUPLQLQJPDWHULDOSURSHUWLHVVXFKDVWRXJKQHVVDQGZHDUUHVLVWDQFH+R\DQG
5REELQV  +R\ DQG 5REELQV  ,Q WKH RWKHU KDQG WKH \LHOG SRLQW RI WKH SRO\PHUV
GLVDSSHDUVDIWHU7!7J,QERWKDPRUSKRXVDQGFU\VWDOOLQHSRO\PHUVWKHIUDFWXUHHQHUJ\GHSHQGV
RQ SURFHVVHV WKDW UDQJH IURP EUHDNLQJ RI DWRPLF ERQGV WR IRUPDWLRQ RI GHIHFW VWUXFWXUHV RQ
PLFURQDQGODUJHVFDOHV+R\DQG5REELQV+R\DQG5REELQV$WDWRPLFVFDOHWKH
DOODWRPV $$ DQG XQLWHGDWRP 8$ 0' PHWKRGV KDYH EHHQ HPSOR\HG WR VLPXODWH WKH
PHFKDQLFDO SHUIRUPDQFH RI SRO\PHUV LQ ZKLFK $$ PHWKRG PHDQV WKH IXOODWRPLF LQFOXGLQJ
LQWHUDFWLRQVDPRQJDOO&DWRPVDQG+DWRPVVHH)LJZKLOH8$PHWKRGPHDQVWKDWZHWUHDW
WKH&+RU&+DVRQH8$EHDG7RUHGXFHFRPSXWDWLRQDOEXUGHQVD&*0'PHWKRGKDVDOVR
EHHQGHYHORSHGWRLQYHVWLJDWHIUDFWXUHDQGFUD]HRISRO\PHUV)RUH[DPSOHWKHWHUPLQDO7EHDG
DQGPLGGOH 0 RQH RI D OLQHDU SRO\HWK\OHQHPROHFXODU FKDLQ UHSUHVHQW&+&+&+ DQG 
&+&+&+UHVSHFWLYHO\VHH)LJFDQGG5HFHQWO\ZHKDYHIRXQGWKDWWKHFKDLQOHQJWK
&/DQGWHPSHUDWXUHKDYHDODUJHHIIHFWRQWKHWKHUPRPHFKDQLFDOSURSHUWLHVRIOLQHDUSRO\PHUV
=KDRHWDOD=KDRHWDOE=KDRHWDOEDVHGRQ8$DQG&*0'VLPXODWLRQV
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
)LJ&RUDVHJUDLQHG&*PROHFXODUPRGHOOLQJRISRO\HK\OHQHQDQRSDUWLFOHVE\VHPLFU\VWDOOLQHODWWLFHPHWKRG
LQZKLFKWKHFDVHRIFDUERQFKDLQVZLWKFRQVWDQWFKDLQOHQJWKRI&*EHDGVDUHSDFNHGLQWRDQPGLDPHWULF
SDUWLFOH7KHZRUNKDVEHHQGRQHE\XVDQGZDVQRWSXEOLVKHG\HWD7KHWHPSODWHGLDPRQGODWWLFHE)XOODWRPLF
PRGHOJHQHUDWHGE\UDQGRPZDONSURFHVVRQWKHODWWLFHF&*PRGHOZLWKWHUPLQDO7DQGQRQWHUPLQDOPLGGOH
0EHDGVG)LQDO&*PRGHOREWDLQHG
6LQFH WKH 8$ DQG &* SRWHQWLDOV OLPLWDWLRQV WKH HIIHFW RI WKH &/ DQG WHPSHUDWXUH RQ WKH
IDLOXUHEHKDYLRULVQRWXQGHUVWRRGZHOO\HW(VSHFLDOO\WKHIDLOXUHEHKDYLRUXQGHUVKHDUKDVEHHQ
VFDUFHO\UHSRUWHGLQSUHYLRXVZRUN6HH)LJ7KHUHIRUHXQGHUVWDQGLQJWKHPROHFXODURULJLQV
RIPDFURVFRSLF IUDFWXUH EHKDYLRU VXFKDV IUDFWXUH HQHUJ\ LV D IXQGDPHQWDO VFLHQWLILF FKDOOHQJH
+R\DQG5REELQV
2EMHFWLYHV
7KLV WKHVLV LV GHGLFDWHG WR GHYHORS DPXOWLVFDOHPHWKRG WR DFFXUDWHO\ GHVFULEH WKH FRKHVLYH
SURSHUWLHV RI &17V DQG WKHPHFKDQLFDO SURSHUWLHV RI FU\VWDOOLQH DQG DPRUSKRXV SRO\PHUV LQ
ZKLFK WKH OLQN EHWZHHQPROHFXODU DQG FRQWLQXXP GHVFULSWLRQV RI WKH SURSHUWLHV LV HVWDEOLVKHG
ZHOO7KHLQWHUUHODWHGREMHFWLYHVDUHLQFOXGHGDVIROORZV
 'HYHORS D PROHFXODU PHFKDQLFV PRGHO WR DFFXUDWHO\ GHVFULEH WKH FRKHVLYH HQHUJ\
EHWZHHQ&17VJUDSKHQHDQGVXEVWUDWHV
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 'HWHUPLQH WKH &* SRWHQWLDOV RI 6:&17V EDVHG RQ RXU DQDO\WLFDO UHVXOWV RI FRKHVLYH
HQHUJ\EHWZHHQWZR6:&17VDQGWKHWZRVWLFNVSLUDODQGEHDPPRGHOV
 (VWDEOLVK DQ DQDO\WLFDO VROXWLRQ RI WKH FULWLFDO OHQJWK IRU WKH PHFKDQLFDO VWDELOLW\ DQG
DGKHVLRQEHWZHHQWZR6:&17VDQG0:&17V
 'HYHORSDQDQDO\WLFDOPROHFXODUPHFKDQLFVPRGHOWRGHVFULEHWKHVL]HGHSHQGHQWHODVWLF
SURSHUWLHVRIFU\VWDOOLQH3(
 5HYHDOWKHGLIIHUHQFHEHWZHHQWKHWZRPROHFXODUPHFKDQLFVPRGHOVWKHVWLFNVSLUDODQG
WKHEHDPPRGHOV LQSUHGLFWLQJWKHPHFKDQLFDOSURSHUWLHVRIPDWHULDOVEDVHGRQHQHUJ\
HTXLYDOHQFH
 3URSRVH WKH IUDFWXUHPHFKDQLVP RI DPRUSKRXV SRO\PHU IRU GLIIHUHQW FKDLQ OHQJWK DQG
WHPSHUDWXUHXQGHUXQLD[LDOWHQVLRQDQGVKHDU
 5HYHDO WKH HIIHFW RI SRO\PHUZUDSSHG WZR QHLJKERXULQJ 6:17V¶ GLVSHUVLRQ RQ WKHLU
ORDGWUDQVIHU
2XWOLQH
7KHWKHVLVFRQWDLQVQLQHFKDSWHUV7KHLQWURGXFWLRQWRWKLVVWXG\LVSUHVHQWHGLQ&KDSWHUDQG
RXWOLQHVWKHEDFNJURXQGDQGREMHFWLYHV6HYHQVHSDUDWHDUWLFOHVDUHSUHVHQWHGIURP&KDSWHUWR
&KDSWHU
&KDSWHUGHYHORSVDPROHFXODUPHFKDQLFVPRGHO WRDFFXUDWHO\GHVFULEHWKHFRKHVLYHHQHUJ\
EHWZHHQ&17VJUDSKHQHDQGVXEVWUDWHV
7KH&*PRGHOIRU6:&17VLVHVWDEOLVKHGEDVHGRQWKHVWLFNVSLUDOPRGHOEHDPPRGHODQG
FRQWLQXXPVKHOOPRGHOLQ&KDSWHU
7KH FULWLFDO OHQJWK IRU WKH PHFKDQLFDO VWDELOLW\ DQG DGKHVLRQ EHWZHHQ WZR 6:&17V DQG
0:&17VLVREWDLQHGE\DPROHFXODUPHFKDQLFVPRGHOLQ&KDSWHU
&KDSWHUGHYHORSVDPROHFXODUPHFKDQLFVPRGHOWRGHVFULEHWKHVL]HGHSHQGHQWRQWKHHODVWLF
SURSHUWLHVRIFU\VWDOOLQHSRO\HWK\OHQH
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&KDSWHUUHYHDOVWKHGLIIHUHQFHEHWZHHQWKHWZRPROHFXODUPHFKDQLFVPRGHOVWKHVWLFNVSLUDO
DQG WKH EHDP PRGHOV LQ SUHGLFWLQJ WKH PHFKDQLFDO SURSHUWLHV RI PDWHULDOV EDVHG RQ HQHUJ\
HTXLYDOHQFH
&KDSWHUUHYHDOVWKHIUDFWXUHPHFKDQLVPRIDPRUSKRXVSRO\PHUIRUGLIIHUHQWFKDLQOHQJWKDQG
WHPSHUDWXUHXQGHUXQLD[LDOWHQVLRQDQGVKHDU
&KDSWHU  UHYHDOV WKH HIIHFW RI SRO\PHUZUDSSHG WZR QHLJKERXULQJ 6:17V¶ GLVSHUVLRQ RQ
WKHLUORDGWUDQVIHUE\0'VLPXODWLRQV
&KDSWHUSUHVHQWVWKHFRQFOXGLQJUHPDUNVDQGVXJJHVWLRQVIRUIXWXUHZRUN
1RWHWKDWWKHUHIHUHQFHVRI&KDSWHUFDQEHVHHQLQWKHRWKHUFKDSWHUV
1RWH WKDW DOO FRQWHQWV RI WKH WKHVLV RQO\ FRQWDLQ VRPH SXEOLFDWLRQV RIP\ FXPXODWLYHZRUN
IURPWR











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&KDSWHU
$WKHRUHWLFDODQDO\VLVRIFRKHVLYHHQHUJ\EHWZHHQFDUERQQDQRWXEHVJUDSKHQH
DQGVXEVWUDWHV
$EVWUDFW
([SOLFLW VROXWLRQV IRU WKH FRKHVLYH HQHUJ\EHWZHHQ FDUERQQDQRWXEHV JUDSKHQH DQG VXEVWUDWHV
DUHREWDLQHGWKURXJKFRQWLQXXPPRGHOLQJRI WKHYDQGHU:DDOV LQWHUDFWLRQEHWZHHQWKHP7KH
GHSHQGHQFH RI WKH FRKHVLYH HQHUJ\ RQ WKHLU VL]H VSDFLQJ DQG FURVVLQJ DQJOHV LV DQDO\]HG
&KHFNLQJDJDLQVW IXOODWRPPROHFXODUG\QDPLFVFDOFXODWLRQVDQGDYDLODEOHH[SHULPHQWDO UHVXOWV
VKRZV WKDW WKH FRQWLQXXP VROXWLRQ KDV KLJK DFFXUDF\ 7KH HTXLOLEULXP GLVWDQFHV EHWZHHQ WKH
QDQRWXEHVJUDSKHQHDQGVXEVWUDWHVZLWKPLQLPXPFRKHVLYHHQHUJ\DUHDOVRSURYLGHGH[SOLFLWO\
7KH REWDLQHG DQDO\WLFDO VROXWLRQ VKRXOG EH RI JUHDW KHOS IRU XQGHUVWDQGLQJ WKH LQWHUDFWLRQ
EHWZHHQWKHQDQRVWUXFWXUHVDQGVXEVWUDWHVDQGGHVLJQLQJFRPSRVLWHVDQGQDQRHOHFWURPHFKDQLFDO
V\VWHPV
,QWURGXFWLRQ
$VPHFKDQLFDO VWUXFWXUHV HQWHU WKH QDQRVFDOH UHJLPH WKH YDQ GHU:DDOV YG: LQWHUDFWLRQ
SOD\VDVLJQLILFDQWUROH.RHQLJHWDO&DUERQQDQRWXEHV&17VDQGJUDSKHQHKDYHEHHQ
SURSRVHGDVRQHRIWKHPRVWSURPLVLQJPDWHULDOVIRUQDQRHOHFWURPHFKDQLFDOV\VWHPVGXHWRWKHLU
H[WUHPHO\KLJK<RXQJ
VPRGXOXVDQGVWUHQJWK ,WKDVEHHQZHOOHVWDEOLVKHGWKDWWKHPHFKDQLFDO
EHKDYLRURI&17VDQGJUDSKHQHLVDOVRVWURQJO\LQIOXHQFHGE\WKHYG:IRUFH<DNREVRQHWDO
5X5X+HHWDO-LDQJHWDO:DQJHWDO/XHWDO
$ JRRG XQGHUVWDQGLQJ RI WKH YG: LQWHUDFWLRQV IRU WZR FURVVLQJ &17V &17JUDSKHQH DQG
&17VXEVWUDWH LV HVVHQWLDO WR HQVXUH WKH RSWLPXP SHUIRUPDQFH RI &17V DQG JUDSKHQH LQ
SRWHQWLDODSSOLFDWLRQV
7KH ERWWRPXS DSSURDFKHV RI WKH DWRPLVWLFEDVHG PHWKRGV VXFK DV FODVVLFDO PROHFXODU
G\QDPLFV0',LMLPDHWDO<DNREVRQHWDOWLJKWELQGLQJ0'+HUQDQGH]HWDO
                                                          
 7KLVZRUNKDVEHHQSXEOLVKHGRQ&DUERQ!!

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=KDRHWDODQGGHQVLW\IXQFWLRQDOWKHRU\6DQFKH]3RUWDOHWDO=KDQJHWDO
=KDQJDQG*XRZHUHZLGHO\XVHGWRVWXG\WKHPHFKDQLFDOSURSHUWLHVRIWKHVLQJOH
ZDOOHG&17VPXOWLZDOOHG&17VERURQQLWULGHQDQRWXEHV %17VDQGJUDSKHQH VKHHWV XQGHU
XQLD[LDO FRPSUHVVLRQWHQVLRQ EHQGLQJ DQG WRUVLRQ GHIRUPDWLRQ&RPSDUHGZLWK WKH ERWWRPXS
PHWKRGV WRSGRZQ DSSURDFKHVPD\ VXEVWDQWLDOO\ UHGXFH WKH FRPSXWDWLRQDO FRVWV DQG DUH WKXV
IUHTXHQWO\ XVHG LQ UHODWHG LQYHVWLJDWLRQV ,Q RUGHU WR RYHUFRPH OLPLWDWLRQV RI DWRPLVWLF
VLPXODWLRQV VRPH W\SLFDO FRQWLQXXPPRGHOV ZHUH GHYHORSHG DQG EURDGO\ XVHG WR FODULI\ WKH
HODVWLFSURSHUWLHVRIWKHJUDSKHQHVKHHWV&17VDQG%17V+HUQDQGH]HWDO*RYLQGMHHQG
6DFNPDQQ9DFFDULQLHWDO<RRQHWDO&KDQJZLWKLQWKHIUDPHZRUN
RI PROHFXODU PHFKDQLFV <DNREVRQ HW DO  XVHG D WUDGLWLRQDO FRQWLQXXP VKHOO PRGHO WR
SUHGLFWWKHEXONLQJRIDVLQJOHZDOOHG&17&RPSDUHGZLWKWKH0'VLPXODWLRQWKHLUFRQWLQXXP
VROXWLRQ LV FRQVLGHUDEO\ HIIHFWLYH WR FKDUDFWHUL]H WKH EXONOLQJ SDWWHUQ 7KH EHDP PRGHO ZDV
GHYHORSHGE\/LDQG&KRX7KH\DVVXPHWKDWWKHEHDPHOHPHQWVKDYHFLUFXODUFURVV
VHFWLRQVDQGDUHDOZD\VVXEMHFWHGWRSXUHWHQVLRQSXUHEHQGLQJDQGSXUHWRUVLRQ7KHWKHRU\ZDV
LPSURYHG7VHUSHVDQG3DSDQLNRV;LDHWDO7R.DVWL:XHWDO
-LDQJHWDO-LDQJHWDODQGH[WHQGHGWRIXUWKHUFDOFXODWHWKHILYHLQGHSHQGHQWVL]H
DQGFKLUDOLW\GHSHQGHQW HODVWLFPRGXOL RI VLQJOHZDOOHG&17VXVLQJ HTXLYDOHQWEHDPHOHPHQWV
ZLWKUHFWDQJXODUVHFWLRQ/LDQG*XR7KH³VWLFNVSLUDO´PRGHO660ZDVGHYHORSHGE\
&KDQJDQG*DR$QLPSURYHGPRGHOE\-LDQJDQG*XRZDVXVHGWRLQYHVWLJDWHWKH
HODVWLF SURSHUWLHV RI VLQJOHZDOOHG ERURQQLWULGH QDQRWXEHV%\ H[WHQGLQJ WKH EHDPPRGHO DQG
660WRFU\VWDOOLQHSRO\PHUV=KDRHWDOZHSUHVHQWHGWKH660WRLQYHVWLJDWHWKHVL]H
GHSHQGHQW HODVWLFSURSHUWLHVRI FU\VWDOOLQHSRO\HWK\OHQH 3( =KDRHW DO %DVHGRQ WKH
XQLWHGDWRP0' VLPXODWLRQVZH IXUWKHU YHULILHG WKH HIIHFWLYLW\ RI WKH 660 LQ WKH FU\VWDOOLQH
SRO\PHUVGLUHFWO\ LQZKLFK WKHYDQGHU:DDOV LQWHUDFWLRQEHWZHHQDQ\ WZRSRO\PHUFKDLQVDUH
FRQVLGHUHG &DSDOGL HW DO  =KDR HW DO  ,Q WKLV ZRUN ZH XWLOL]HG D XQLWHG DWRP
DSSUR[LPDWLRQLQZKLFKWKHPHWK\OJURXSV&+DUHUHSUHVHQWHGE\DVLQJOH³DWRP´RUXQLWDQG
WKHHIIHFWRIWKHK\GURJHQDWRPVRQWKHSRO\PHU¶VFRQILJXUDWLRQLVDFFRXQWHGIRULQWKHSRWHQWLDOV
:DKHHG6KHSKHUG6XEVHTXHQWO\ZHH[WHQGHGWRWKHEHDPVSULQJPRGHOWRREWDLQ
WKHHODVWLFSURSHUWLHVRIFU\VWDOOLQH3(=KDRHWDO
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&RQVLGHULQJ WKH LPSRUWDQW LQIOXHQFH RI WKH YG: LQWHUDFWLRQ 5X 5X  5X 
SURSRVHG D FRQWLQXXP VKHOOPRGHO WR VWXG\ WKH EXFNOLQJ RI GRXEOHZDOOHG&17V:DQJ HW DO
 H[WHQGHG 5X¶V YG:PRGHO WR FDSWXUH WKH EXFNOLQJ FKDUDFWHULVWLFV RI WKH PXOWLZDOOHG
&17V7KH DSSOLFDELOLW\ DQG OLPLWDWLRQV RI WKH VKHOOPRGHOVZHUH DOVR GLVFXVVHG 6KHQ 
SUHVHQWHG D WUDGLWLRQDO F\OLQGULFDO VKHOO PRGHO IRU WKH SRVWEXFNOLQJ RI D GRXEOHZDOOHG &17
XVLQJ5X¶VYG:LQWHUDFWLRQPRGHO+HHWDOGHYHORSHGDQHZYG:LQWHUDFWLRQPRGHOIRU
QRWRQO\WKHSRVWEXFNOLQJSUHVVXUHEXWDOVRWKHSUHEXFNOLQJSUHVVXUHEHWZHHQDQ\WZROD\HUVRI
PXOWLZDOOHG &17V ZKHUH WKH LQIOXHQFH RI LQWHUOD\HU VSDFLQJ DQG WKH WXEH UDGLXV RQ WKH
SUHVVXUHVZHUHDOVRFRQVLGHUHG
5HFHQWO\ WKH FRKHVLYH SURSHUWLHV EHWZHHQ GRXEOH &17V PXOWL&17V DQG &17SRO\PHU
PDWUL[ KDYH EHHQ VWXGLHG V\VWHPDWLFDOO\ -LDQJ HW DO  /X HW DO  /X HW DO 
+RZHYHU WKH DERYH PHQWLRQHG VWXGLHV PDLQO\ FRQFHUQHG RQ WKH FUXFLDO HIIHFW RI WKH YG:
LQWHUDFWLRQVRQWKHHODVWLFSURSHUWLHVRIWKHPXOWLZDOOHG&17V&17SRO\PHUDQGWKHFU\VWDOOLQH
3(7KHFURVVLQJ&17V&17JUDSKHQHDQG&17VXEVWUDWHDUHZLGHO\XVHGLQ&17VHOHFWURQLF
GHYLFHV )RU LQVWDQFH )LJ  VKRZV D VFKHPDWLF VWUXFWXUH LQ WKH H[SHULPHQWV $QDQWUDP DQG
/HRQDUG  =HQJ HW DO  7KHUHIRUH WKH VXUIDFH YG: IRUFHV SOD\ D NH\ UROH RQ WKH
PHFKDQLFDO EHKDYLRU RI WKH FURVVLQJ &17V &17JUDSKHQH DQG &17VXEVWUDWH +HUWHO HW DO
.RHQLJ HW DO $ FOHDU XQGHUVWDQGLQJ RI WKH YG: LQWHUDFWLRQV LQ WKHVH V\VWHPV LV
FUXFLDO IRU WKHLU SRWHQWLDO DSSOLFDWLRQV LQ WKH QDQRHOHFWURPHFKDQLFDO V\VWHPV DQG HOHFWURQLF
GHYLFHV

)LJ6FKHPDWLFGLDJUDPVVKRZLQJWKHIDEULFDWLRQSURFHVVRI&17VHOHFWURQLFGHYLFHV
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,Q WKLV SDSHU ZH REWDLQ WKH FORVHGIRUP H[SUHVVLRQV RQ WKH FRKHVLYH HQHUJ\ DQG WKH
HTXLOLEULXPGLVWDQFHVEHWZHHQ WKH WZRSDUDOOHO&17V WZRFURVVLQJ&17V&17JUDSKHQH DQG
&17VXEVWUDWH IURP D FRQWLQXXP PRGHO EDVHG RQ WKH /HQQDUG-RQHV /- SRWHQWLDO 7KH
DQDO\WLFDOH[SUHVVLRQVDUHYDOLGDWHGE\FRPSDULQJZLWKRXU0'VLPXODWLRQ
7KH SDSHU LV RUJDQL]HG DV IROORZV 6HFWLRQ  VKRZV WKH GHWDLOHG SURFHVV RI WKH SUHVHQW
PROHFXODUG\QDPLFV VLPXODWLRQ6HFWLRQGHVFULEHV WKHFRKHVLYH HQHUJ\DQG WKHHTXLOLEULXP
GLVWDQFHIRU WZRFURVVLQJ OLQHV&17JUDSKHQHDQG&17VXEVWUDWH ,QVHFWLRQ WKHFRKHVLYH
HQHUJ\IRUWZRSDUDOOHODQGWZRFURVVLQJ&17VLVREWDLQHG7KHSDSHULVFRQFOXGHGLQVHFWLRQ
0ROHFXODUG\QDPLFVVLPXODWLRQ
7R YDOLGDWH WKH FRQWLQXXP PRGHO IRU WZR FURVVLQJ &17V DQG &17JUDSKHQH DOO WKH 0'
VLPXODWLRQVDUHSHUIRUPHGXVLQJ/$00363OLPSWRQZLWK WKH$,5(%2SRWHQWLDO7KH
SRWHQWLDOKDVEHHQVKRZQWRDFFXUDWHO\FDSWXUHWKHERQGERQGLQWHUDFWLRQEHWZHHQFDUERQDWRPV
7KH/-FXWRIIUDGLXVRISUHVHQW$,5(%2SRWHQWLDOLVFKRVHQDVcDQGWKHYG:LQWHUDFWLRQ
LVYHU\ZHDNDQGFDQEHQHJOHFWHGDVWKHGLVWDQFHLVODUJHUWKDQc&KDQJ=KDRHWDO
)RUWKH0'VLPXODWLRQZHFKRRVHWKHOHQJWKDQGZLGWK/î:DVîQPIRUWZR
JUDSKHQHVKHHWV&UDQIRUDQG%XHKOHU)RUD&17SDUDOOHOWRDJUDSKHQHVKHHWWKH
OHQJWK RI WKHP DUH ERWK  QP DQG WKHZLGWK RI WKH JUDSKHQH LV  QP )RU WZR LQILQLWH
SDUDOOHO&17VWKHOHQJWKRIWKH&17VLVQPDQGWKHSHULRGLFERXQGDU\LVDSSOLHGDORQJWKH
FHQWHUD[LVGLUHFWLRQ)RUWKHFURVVLQJDQJOHRIGHJUHHVWKHOHQJWKRIWKHWZR&17VLVQP
:HNHHSWKHLQLWLDOGLVWDQFHDERXWcEHWZHHQWZRJUDSKHQHVKHHWVRU&17VZKHUHWKHYDQ
GHU:DDOV LQWHUDFWLRQVDUHYHU\ZHDNDQGFDQEHQHJOHFWHG$IWHUWKHHQHUJ\PLQLPL]DWLRQ WKH
WZR VKHHWV RU &17V DUH NHSW DV WZR ULJLG VKHHWV &UDQIRU DQG %XHKOHU  7KH SUHVHQW
VLPXODWLRQLVDW.DQGWKHGLVWDQFHEHWZHHQWZRVKHHWVRU&17VLVFKDQJHGZLWKDQLQFUHPHQW
RIcSHU WLPHVWHSEDVHGRQ WKHGHIRUPDWLRQFRQWUROPHWKRG UHVSHFWLYHO\$IWHUZDUGV WKH
VWUXFWXUHLVRSWLPL]HGIRUHDFKGLVSODFHPHQWLQFUHPHQWDQGWKHRSWLPL]HGVWUXFWXUHLVWDNHQDVWKH
LQLWLDO JHRPHWU\ IRU WKH QH[W FDOFXODWLRQV 7KH HQHUJ\ PLQLPL]DWLRQ LV SHUIRUPHG XVLQJ WKH
FRQMXJDWHJUDGLHQWPHWKRG$ WROHUDQFHRI UHODWLYH HQHUJLHVEHWZHHQPLQLPL]DWLRQ LWHUDWLRQV LV
VHW DW ZLWK D IRUFH WROHUDQFHRI WR HQVXUH D VXIILFLHQWO\PLQLPL]HG V\VWHP 3OLPSWRQ

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&RKHVLYHHQHUJ\IRU&17JUDSKHQHDQG&17PDUWL[
&RKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHOOLQHVDQGWZRFURVVLQJOLQHV
,QWKHFRQWH[WRIWKLVSDSHUWKHHQHUJ\RIWKHYG:LQWHUDFWLRQV+HHWDO-LDQJHWDO
LVJLYHQE\
 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
ZKHUH K LV WKH GLVWDQFH EHWZHHQ WKH LQWHUDFWLQJ DWRPV LV WKH GHSWK RI WKH SRWHQWLDO ı LV D
SDUDPHWHU WKDW LVGHWHUPLQHGE\ WKHHTXLOLEULXPGLVWDQFH <DNREVRQHWDO&KDQJHWDO
 ,W LV REYLRXV WKDW WKH HTXLOLEULXP GLVWDQFH K EHWZHHQ WKH WZR SRLQWV LV GHWHUPLQHG E\
PLQLPL]LQJWKHHQHUJ\DVK ı ıIURP   9 K
K
w  w


)LJ7KHFRRUGLQDWHV\VWHPDQGDVFKHPDWLFGLDJUDPRIWKHWZRLQILQLWHSDUDOOHODQGWZRFURVVLQJOLQHVDWZR
SDUDOOHOOLQHVEWZRFURVVLQJOLQHV
:HILUVWVWXG\WKHWZRVSHFLDOFDVHVZKLFKDUHWKHFRKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHODQG
WZR FURVVLQJ OLQHV )LJ  VKRZV WKH VFKHPDWLF GLDJUDP RI WZR SDUDOOHO DQG WZR FURVVLQJ
LQILQLWHOLQHV
7KHFRKHVLYHHQHUJ\SHUXQLWOHQJWKEHWZHHQWZRSDUDOOHOOLQHVFDQEHREWDLQHG
  OLQH OLQH O 9 U G[I U f f ³ 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ZKHUHU [KDQGȡOLVWKHOLQHGHQVLW\WKHQXPEHURIDWRPVSHUXQLWOHQJWK
6XEVWLWXWLQJ(TLQWR(TJLYHV
                                         
   
 OLQH OLQH O K K
S SI U V V § ·  ¨ ¸© ¹ 
)URPWKHHQHUJ\PLQLPXPFRQGLWLRQ OLQH OLQH
K
I w  w WKHHTXLOLEULXPGLVWDQFHKFDQEHREWDLQHG
K ı
7KHWRWDOFRKHVLYHHQHUJ\EHWZHHQWZRFURVVLQJOLQHVFDQEHREWDLQHGE\
  VFURV OLQHV O 9 U G[ GOI U f f f f ³ ³ ȕʌ 
ZKHUH      FRV VLQU O [ K OE E    DQGȕLVWKHFURVVLQJDQJOHLQ)LJE
(TFDQEHUHZULWWHQDV
                       
    
VLQ  FURVV OLQHV O
$ $
K K
S SI U V VE
§ ·  ¨ ¸© ¹ 
ZKHUH

  
  
$ § ·  ¨ ¸© ¹ 
 


$  
7KH HTXLOLEULXP GLVWDQFH K ı EHWZHHQ WZR FURVVLQJ OLQHV LV GHWHUPLQHG E\ WKH HQHUJ\
PLQLPL]DWLRQ FURVV OLQHV
K
I w  w 
7ZRLQILQLWHSDUDOOHOJUDSKHQHVKHHWV
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,Q WKLV VHFWLRQZH SURYLGH D FRQWLQXXPPRGHO WR HVWDEOLVK DQ DQDO\WLFDO H[SUHVVLRQ IRU WKH
GLVWULEXWLRQRIWKHFRKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHOJUDSKHQHVKHHWVDVVKRZQLQ)LJ
:HKRPRJHQL]HFDUERQDWRPVRQWKHJUDSKHQHDQGUHSUHVHQWWKHPE\DQDUHDGHQVLW\ȡZKHUHȡ
LVUHODWHGWRWKHHTXLOLEULXPERQGOHQJWKRIJUDSKHQHSULRUWRGHIRUPDWLRQ+HHWDO-LDQJ
HWDO=KHQJHWDO)URPWKHXQLWFHOOVDQGERQGOHQJWKVWKHDUHDGHQVLW\ȡFDQEH
H[SUHVVHGDV   EU ª º ¬ ¼ ZKHUHE cLVWKHERQGOHQJWKRIWKHJUDSKHQHVKHHWV

)LJ7KHFRRUGLQDWHV\VWHPDQGDVFKHPDWLFGLDJUDPRIWKHWZRLQILQLWHJUDSKHQHVKHHWV
7KHQXPEHURIFDUERQDWRPVRYHUDQDUHDG$RQRQHVKHHWLVȡG$7KHGLVWDQFHEHWZHHQRQH
SRLQWRQWKHXSSHUVKHHWDQGRQHSRLQW[][] KRQWKHORZHUVKHHWLVU [K)RU
D&17RUJUDSKHQH  PHYDQGı cDUHDGRSWHGIURPWKH OLWHUDWXUH&KDQJHWDO
3OLPSWRQ7KHFRKHVLYHHQHUJ\ѰSHUXQLWDUHDFDQEHZULWWHQDV
                                  
   

X
O O X X$
JUDSKHQH JUDSKHQH O X
O
G$ 9 U G$
9 U [G[
G$
U U
I SU U f   ³ ³ 
ZKHUHU K[ȡO ȡXDQG$O $XDUHWKHORZHUDQGXSSHUDUHDGHQVLWLHVDQGDUHDVUHVSHFWLYHO\,I
ZHGHILQHȡO ȡX ȡ(TFDQEHJLYHQE\
   

 
 

 JUDSKHQH JUDSKHQH K K
VI SU V § ·  ¨ ¸© ¹ 
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7KH HTXLOLEULXP GLVWDQFH K ı LV DOVR GHWHUPLQHG E\ WKH HQHUJ\ PLQLPL]DWLRQ
JUDSKHQH JUDSKHQH
K
I w  w 
)URP VHFWLRQ  ZH ILQG WKDW WKH HTXLOLEULXP GLVWDQFH EHWZHHQ WZR FURVVLQJ OLQHV LV
LGHQWLFDOWRWKHGLVWDQFHRIWZRJUDSKHQHVKHHWVVLQFHWKHJUDSKHQHVKHHWFDQEHUHJDUGHGDVDQ
DUUD\RIORWVRIOLQHV
7R VKRZ WKH YDOLGLW\ RI WKH SUHVHQW FRQWLQXXP PRGHO WKH GLVWULEXWLRQ RI WKH DQDO\WLFDO
FRKHVLYH HQHUJ\ ZLWK GLVWDQFH E\ (T  IRU WKH JUDSKHQH VKHHWV LV SORWWHG LQ )LJ  7KH
DQDO\WLFDO UHVXOWV DUH LQ H[FHOOHQW DJUHHPHQWZLWK WKH0' UHVXOWV 7KHPLQLPXP YDOXH RI WKH
FRKHVLYHHQHUJ\LQ)LJIURPRXU0'VLPXODWLRQDQG(TDUHERWKHTXDOWRP-Pc
7KHUHVXOWLVDOVRLQJRRGDJUHHPHQWZLWKWKHODWHVWH[SHULPHQWDOUHVXOWP-P.RHQLJHW
DO

)LJ7KHGLVWULEXWLRQRIFRKHVLYHHQHUJ\ZLWKGLVWDQFHEHWZHHQWZRJUDSKHQHVKHHWV
6LPLODUO\LWLVHDV\WRVKRZWKDWWKHHTXLOLEULXPGLVWDQFHVEHWZHHQWKHSRLQWJUDSKHQHDQGWKH
OLQHJUDSKHQH WKH OLQH LV SDUDOOHO WR WKH JUDSKHQH VKHHW DUH ERWK ı 7KH UHODWLRQVKLS RI WKH
HTXLOLEULXP GLVWDQFH FDQ EH ZULWWHQ DV IROORZV WZR SRLQWV K ı! WZR SDUDOOHO OLQHV
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K ı!WZRFURVVLQJOLQHVK ı SRLQWJUDSKHQHK OLQHJUDSKHQHK JUDSKHQHJUDSKHQH
K ı
2QH&17SDUDOOHOWRRQHJUDSKHQHVKHHW
,QYLHZRIWKHLPSRUWDQFHRIWKHFRKHVLYHHQHUJ\EHWZHHQD&17DQGDJUDSKHQHVKHHWLQWKH
H[SHULPHQWZHIXUWKHUVWXG\ WKH LQWHUDFWLRQEHWZHHQD&17DQGDQ LQILQLWHJUDSKHQHVKHHW LQ
ZKLFK WKH&17 LV SDUDOOHO WR WKH JUDSKHQH VKHHW DV VKRZQ LQ)LJ 7KH GLVWDQFH IURP WKH
FHQWUDOD[LVRIWKH&17WRWKHVKHHWLVKDQGK K
UZKHUHK
LVWKHFORVHVWGLVWDQFHEHWZHHQWKH
&17DQG WKH VKHHW7KHDUHDGHQVLW\RI WKH JUDSKHQHDQG WKH&17DUHERWK FKRVHQDV ȡ7KH
GLIIHUHQFH RI ȡ EHWZHHQ &17 DQG JUDSKHQH LQFUHDVHV ZLWK GHFUHDVLQJ &17 UDGLXV :H
KRPRJHQL]HFDUERQDWRPVRQWKH&17DQGUHSUHVHQWWKHPE\DQDUHDGHQVLW\ȡZKLFKPD\EH
VOLJKWO\GLIIHUHQWIURPWKHDUHDGHQVLW\RIJUDSKHQHGXHWRWKHFXUYDWXUHHIIHFWLQWKH&17+HHW
DO-LDQJHWDO)LJVKRZVWKH&DUWHVLDQFRRUGLQDWHV[\]ZKHUH]LVDORQJ
WKHFHQWUDOD[LVDQG\ LV WKHGLUHFWLRQQRUPDO WRWKHJUDSKHQHVKHHW:LWKRXW ORVVRIJHQHUDOLW\
ZHFRQVLGHURQHSRLQWUșRQWKHXSSHU&17DQGRQHSRLQW[K]LQWKHJUDSKHQHVKHHW
VHH )LJ  7KH GLVWDQFH EHWZHHQ WKH WZR SRLQWV FDQ EH H[SUHVVHG DV U >UFRVș[UVLQș
K]@7KHFRKHVLYHHQHUJ\EHWZHHQWKH&17DQGWKHJUDSKHQHVKHHWFDQEHREWDLQHGIURP
9K

)LJ7KHFRRUGLQDWHV\VWHPDQGDVFKHPDWLFGLDJUDPRIDFDUERQQDQRWXEHSDUDOOHOWRRQHLQILQLWHJUDSKHQHVKHHW
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8QOLNH WKHDQDO\VLV LQVHFWLRQ WKHGHIRUPDWLRQIRU WKH&17LVQRQXQLIRUP:HGHILQH
WKH FRKHVLYH HQHUJ\ SHU XQLW OHQJWK DORQJ WKH FHQWUDO D[LV RI WKH&17 VWRUHG IURP WKH YG:
LQWHUDFWLRQVDV
   &17 JUDSKHQH UG 9 U G] G[SI U T f f f f ³ ³ ³ 
ZKHUHU UFRVș[UVLQșK]
,QWHJUDWLQJ(T\LHOGV
     
  
 &17 JUDSKHQH
U I IS SI U V V § ·   ¨ ¸© ¹  
ZKHUH
 
  
  
I 7§ ·  ¨ ¸© ¹ 
 


I 0 .
7LVH[SUHVVHGDV
  
 
        

  
 DUFWDQ DUFWDQ
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K U K U77
K U K UK U

§ ·  ¨ ¸ ¨ ¸ © ¹

ZKHUH            
      7 K U K U K U K U K      
0LVJLYHQE\
 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
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
K U K U00
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
§ ·  ¨ ¸ ¨ ¸ © ¹

ZKHUHK K
U  
  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
)LJ2QH&17SDUDOOHOWRRQHJUDSKHQHVKHHWLQRXUPROHFXODUG\QDPLFVVLPXODWLRQDVLGHYLHZE
YHUWLFDOYLHZ
)LJ  VKRZV D&17   SDUDOOHO WR D JUDSKHQH VKHHW LQ RXU0' VLPXODWLRQ 7KH IUHH
ERXQGDU\FRQGLWLRQLVSHUIRUPHGDORQJWKHFHQWHUD[LVRIWKH&17V$VLQJOHZDOOHG&17FDQEH
GHQRWHGE\DFKLUDOYHFWRU    5 Q D Q D  RUHTXLYDOHQWO\WKHUDGLXVUDQGFKLUDODQJOHș D DQG
D DUHWKHSULPLWLYHODWWLFHYHFWRUVLQJUDSKLWHODWWLFHV6DLWRHWDO   D D  c7KH
UDGLXVUDQGFKLUDODQJOHșLQWHUPVRIQDQGQDUHJLYHQE\
      
D
U Q Q Q QS   

 
DUFWDQ

Q
Q Q
T    
)LJ  VKRZV WKH FRKHVLYH HQHUJ\ZLWK GLIIHUHQW GLDPHWHUV RI&17V EHWZHHQ&17JUDSKHQH
XVLQJRXUDQDO\WLFDOPRGHODQG0'VLPXODWLRQ7KHFRKHVLYHHQHUJ\LQFUHDVHVZLWKGHFUHDVLQJ
&17UDGLXV7KHDQDO\WLFDOYDOXH IURP(T  LV LQJRRGDJUHHPHQWZLWKRXU0'UHVXOWV LQ
ZKLFKWKHGLIIHUHQFHLVOHVVWKDQ7KHGLIIHUHQFHLVPDLQO\FDXVHGE\WKHSUHVHQW/-FXWRII
UDGLXVRIcRUıZKLOH WKHFXWRII UDGLXV LV LQILQLWH LQ WKHDQDO\WLFDO UHVXOWV WKH VOLJKW
GLIIHUHQFHRIWKHDUHDGHQVLW\EHWZHHQ&17DQGJUDSKHQHLVDOVRDSRVVLEOHUHDVRQ,WYDOLGDWHV
WKHDFFXUDF\RIWKHFRQWLQXXPPRGHOLQWKHGHVFULSWLRQRIWKHFRKHVLYHHQHUJ\EHWZHHQD&17
DQGDJUDSKHQHVKHHW
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
)LJ7KHGLVWULEXWLRQRIFRKHVLYHHQHUJ\ZLWKGLIIHUHQWGLVWDQFHEHWZHHQRQH&17DQGRQHJUDSKHQHVKHHWXVLQJ
SUHVHQWDQDO\WLFDOPRGHODQGPROHFXODUG\QDPLFVVLPXODWLRQ
7KHHTXLOLEULXPGLVWDQFHK
EHWZHHQWKH&17DQGWKHJUDSKHQHVKHHWFDQEHGHWHUPLQHGE\



&17 JUDSKHQH
K
I w  w IURP (T  6LQFH WKH H[SUHVVLRQ RI K

ı LV YHU\ FRPSOLFDWHG WKH ILWWLQJ
IXQFWLRQFDQEHSURYLGHG
                                     
 
   
   

 E GK D H
U F U F
V § ·  ¨ ¸¨ ¸ © ¹

ZKHUHD E F G DQGH 
7KH ILWWLQJ UHVXOWV IURP (T  DUH VKRZQ LQ )LJ  7KH GLIIHUHQFH EHWZHHQ WKH ILWWLQJ
UHVXOWVDQGWKHDQDO\WLFDOUHVXOWVLVVPDOOHUWKDQ
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
)LJ7KHQRUPDOL]HGHTXLOLEULXPGLVWDQFHK
ıEHWZHHQRQH&17DQGRQHJUDSKHQHVKHHWIRUGLIIHUHQWUDGLLU
)LJVKRZVWKHQRUPDOL]HGHTXLOLEULXPGLVWDQFHK
ıEHWZHHQWKH&17DQGWKHJUDSKHQH
VKHHWIRUGLIIHUHQWUDGLLU7KHHTXLOLEULXPGLVWDQFHVGHFUHDVHZLWKLQFUHDVLQJUZKHQUc
ZKLOHWKH\LQFUHDVHZLWKLQFUHDVLQJUIRUU!c:KHQU K
ı IRU&17JUDSKHQHWHQG
WR WKDW EHWZHHQ JUDSKHQHJUDSKHQH:KHQ U! c K
ı WHQGV WR WKH FRUUHVSRQGLQJ FRQVWDQW
UHVSHFWLYHO\
6LQFHDOOWKHUDGLLRI&17VDUHODUJHUWKDQcWKHGLVWDQFHK
ıEHWZHHQWKH&17DQGWKH
JUDSKHQHVKHHWLQFUHDVHVZLWKLQFUHDVLQJUDQGWKHQFRQYHUJHVWRDFRQVWDQWYDOXHRI
2QH&17SDUDOOHOWRRQHVXEVWUDWH
1H[WZHVWXG\WKHLQWHUDFWLRQEHWZHHQD&17DQGDQLQILQLWHVXEVWUDWHLQZKLFKWKH&17LV
SDUDOOHOWRWKHVXEVWUDWHDVVKRZQLQ)LJ7KHGLVWDQFHIURPWKHFHQWUDOD[LVRIWKH&17WR
WKH VXEVWUDWH VXUIDFH LV K DQG K K
U ZKHUH K
 LV WKH FORVHVW GLVWDQFH EHWZHHQ &17 DQG
VXEVWUDWH VXUIDFH 7KH YROXPH GHQVLW\ RI WKH VXEVWUDWH LV ȡP WKH QXPEHU RI DWRPV SHU XQLW
YROXPH)LJVKRZVWKH&DUWHVLDQFRRUGLQDWHV[\]ZKHUH]LVDORQJWKHFHQWUDOD[LVDQG
\LVWKHGLUHFWLRQQRUPDOWRWKHJUDSKHQHVKHHW:LWKRXWORVVRIJHQHUDOLW\ZHFRQVLGHURQHSRLQW
UșRQ WKHXSSHU&17DQGRQHSRLQW [\] LQ)LJ7KHGLVWDQFHEHWZHHQ WKH WZR
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JDQGJFDQEHZULWWHQ
DV
22 
 
 
  
  
J 8§ ·  ¨ ¸© ¹ 
 


J : 
8LVJLYHQE\
  
 
        

  
 DUFWDQ DUFWDQ

K U K U88
K U K UK U

§ ·  ¨ ¸ ¨ ¸ © ¹

ZKHUH            
      8 K U K U K U K U     
:LVH[SUHVVHGDV
  
 
        

  
 DUFWDQ DUFWDQ

K U K U::
K U K UK U

§ ·  ¨ ¸ ¨ ¸ © ¹

ZKHUHK K
UDQG  
 : K U  
(T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SDUDPHWHUVȡP P  DQGıPDUHJLYHQ(T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FDQEHVROYHGGLUHFWO\IRUGLIIHUHQWVXEVWUDWHV
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7KH ILWWLQJ UHVXOWV IURP (T  DUH LOOXVWUDWHG LQ )LJ  PDWFK WKH DQDO\WLFDO UHVXOWV
DFFXUDWHO\
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)LJ7KHQRUPDOL]HGHTXLOLEULXPGLVWDQFHK
ıEHWZHHQRQH&17DQGDVXEVWUDWHIRUGLIIHUHQWUDGLLU
)LJVKRZVWKHQRUPDOL]HGHTXLOLEULXPGLVWDQFHK
ıEHWZHHQWKH&17DQGWKHVXEVWUDWH
IRUGLIIHUHQWUDGLXVU7KHHTXLOLEULXPGLVWDQFHIRU&17VXEVWUDWHGHFUHDVHVZLWKLQFUHDVLQJU
DV U c ZKLOH LW LQFUHDVHV ZLWK LQFUHDVLQJ U U! c :KHQ U  K
ı  IRU
&17VXEVWUDWHWHQGVWROLQHVXEVWUDWHIURP(T:KHQU!cLWWHQGVWRWKHFRUUHVSRQGLQJ
WZRFRQVWDQWV,QSUDFWLFDODSSOLFDWLRQVDOOWKHUDGLLRI&17DUHODUJHUWKDQc+HQFH
WKHGLVWDQFHK
ıEHWZHHQWKH&17DQGWKHJUDSKHQHVKHHWLQFUHDVHVZLWKLQFUHDVLQJUDQGWKHQ
WHQGVWRDFRQVWDQWRI
&RKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHO&17VDQGWZRFURVVLQJ&17V
7ZRSDUDOOHOLQILQLWH&17V
)RUWKHHIIHFWLYHGHVLJQRIWKHQDQRHOHFWURPHFKDQLFDOV\VWHPVWKHVXUIDFHYG:IRUFHVSOD\D
NH\ UROHRQ WKHPHFKDQLFDO EHKDYLRURI WKH FURVVLQJ&17V DV VKRZQ LQ)LJ7RREWDLQ WKH
FRKHVLYHHQHUJ\EHWZHHQWZRFURVVLQJLQILQLWH&17VZHFRQVLGHUWKHWZRSDUDOOHOLQILQLWH&17V
ILUVW)LJ  VKRZV WKHFRRUGLQDWH V\VWHPDQGD VFKHPDWLFGLDJUDPRI WKH WZRSDUDOOHO&17V
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SDUDOOHO&17VHGJHLVK

)LJ7KHFRRUGLQDWHV\VWHPDQGDVFKHPDWLFGLDJUDPRIWKHWZRSDUDOOHOLQILQLWH&17V
    7KHF\OLQGULFDOFRRUGLQDWHVUș]DUHXVHGIRUWKHXSSHU&17ZKHUH]LVWKHFHQWUDOD[LVRI
WKH&17LQ)LJ&RQVLGHULQJWKHWZRSDUDOOHOLQILQLWH&17VWKHFRKHVLYHHQHUJ\SHUXQLW
OHQJWK DORQJ WKH ]GLUHFWLRQ VKRXOGEH WKH VDPH:HDVVXPH WKH ORZHU&17FLUFOHRQ WKH ] 
SODQH$SRLQWRQWKHORZHU&17FLUFOHLVDșULVHTXDOWRWKHGLVWDQFHEHWZHHQWKHFHQWHU
SRLQW DQG WKHSRLQWRQ WKH ORZHU&17FLUFOH DQGșGHQRWHV WKHDQJOHEHWZHHQ[ D[LV DQG WKH
GLUHFWLRQDORQJUVHH)LJ
)URPWKHJHRPHWULFUHODWLRQVKLSZHREWDLQ
                                                FRV FRVD U U K UT T    
    VLQ VLQD UT T 
)URP(T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(T  FDQ EH FRPSOHWHO\ VROYHG E\*DXVVLDQ TXDGUDWXUH *ROXE DQG:HOVFK  )LJ
VKRZVWKHWZRSDUDOOHOLQILQLWH&17VLQRXU0'VLPXODWLRQ3HULRGLFERXQGDU\FRQGLWLRQV
DUHDSSOLHGDORQJWKHFHQWHUD[LVRIWKH&17V
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)LJ7KHWZRSDUDOOHOLQILQLWH&17VRILQRXUPROHFXODUG\QDPLFVVLPXODWLRQDYHUWLFDOYLHZEVLGH
YLHZ

)LJ7KHGLVWULEXWLRQRIFRKHVLYHHQHUJ\ZLWKGLIIHUHQWGLVWDQFHEHWZHHQWZRSDUDOOHOLQILQLWH&17VXVLQJ
SUHVHQWDQDO\WLFDOPRGHODQGPROHFXODUG\QDPLFVVLPXODWLRQ
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)LJ  FRPSDUHV WKH FRKHVLYH HQHUJ\ IRU GLIIHUHQW GLVWDQFHV EHWZHHQ WKH WZR SDUDOOHO
LQILQLWH&17V ZKHUHU UIURPRXU DQDO\WLFDOPRGHOZLWK UHVXOWV IURP0'VLPXODWLRQV7KH
FRKHVLYHHQHUJ\LQFUHDVHVZLWKGHFUHDVLQJ&17UDGLXV

)LJ7KHFLUFOHFRKHVLYHHQHUJ\RQWKHORZHUDQGXSSHU&17VZLWKGLIIHUHQWGLVWDQFHEHWZHHQWZRSDUDOOHO
LQILQLWH&17VXVLQJSUHVHQWDQDO\WLFDOPRGHO
)LJVKRZVWKHFRKHVLYHHQHUJ\IRUGLIIHUHQWGLVWDQFHVEHWZHHQWZRSDUDOOHOLQILQLWH&17V
ZKHUHUUXVLQJRXUDQDO\WLFDOPRGHO7KHFRKHVLYHHQHUJ\ѰFLUFOHRQWKHFLUFOHRI&17UDGLXV
UDVUULVDOPRVWWKHVDPHZLWKWKDWRQWKHFLUFOHRI&17UDGLXVU
DVU
U
ZKHUHU
 UDQG
U
 U,QRWKHUZRUGVWKHWRWDOFRKHVLYHHQHUJ\RQWKH&17RIUDGLXVULVWKHVDPHZLWKWKDWRQ
WKH UDGLXV U EHWZHHQ WKH WZR &17V 7KH GLIIHUHQFH LV OHVV WKDQ  FDXVHG SUREDEO\ E\
LQWHJUDWLRQHUURUV7RUHGXFHWKHGLIIHUHQFHZHSHUIRUPWKH*DXVVLDQTXDGUDWXUHRQVHFWLRQV
>ʌ@>ʌʌ@>ʌʌ@««>ʌʌ@DQG*DXVVLDQSRLQWV
LQHDFKVHFWLRQ7KHILUVWILIWKWHUPVLQWKHWZRHOOLSWLFLQWHJUDOV(NDQG.NDUHFKRVHQLQRXU
FDOFXODWLRQV)LJVKRZVWKHGLVWULEXWLRQRIWKHFRKHVLYHHQHUJ\ѰFLUFOHEHWZHHQWZRSDUDOOHO
LQILQLWH &17V ZLWK GLIIHUHQW UDGLL XVLQJ SUHVHQW DQDO\WLFDO PRGHO 7KH FRKHVLYH HQHUJ\ ѰFLUFOH
GHFUHDVHVZLWKLQFUHDVLQJ&17UDGLXVIRUDJLYHQGLVWDQFHKZKHQѰFLUFOHZKLOHIRUѰFLUFOH!
ѰFLUFOHLQFUHDVHVZLWKLQFUHDVLQJ&17UDGLXV
28 
 

)LJ7KHGLVWULEXWLRQRIWKHFRKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHOLQILQLWH&17VZLWKGLIIHUHQWUDGLLXVLQJ
SUHVHQWDQDO\WLFDOPRGHO
7KHHTXLOLEULXPGLVWDQFHKLVGHWHUPLQHGE\ FLUFOH
K
Iw  w IURP(T)RUWZRSDUDOOHO&17V
ZLWKU UWKHILWWLQJIXQFWLRQRIWKHQRUPDOL]HGHTXLOLEULXPGLVWDQFHKıFDQEHH[SUHVVHGDV
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ZKHUHD E F G DQGH 
(T  DFFXUDWHO\ FKDUDFWHUL]HV WKH GLVWULEXWLRQ RI WKH HTXLOLEULXP GLVWDQFHV EHWZHHQ WZR
SDUDOOHOLQILQLWH&17VWKHUHODWLYHHUURULVVPDOOHUWKDQDVVKRZQLQ)LJ:HDOVRILQG
WKDW WKH(TRI&17JUDSKHQHLQVHFWLRQHIIHFWLYHO\GHVFULEHVWKHHTXLOLEULXPGLVWDQFH
EHWZHHQWZRSDUDOOHOLQILQLWH&17VIRUDJLYHQU c
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)LJ7KHQRUPDOL]HGHTXLOLEULXPGLVWDQFHKıEHWZHHQWZRSDUDOOHOLQILQLWH&17V
)LJVKRZVWKHQRUPDOL]HGHTXLOLEULXPGLVWDQFHKıEHWZHHQWZRSDUDOOHOLQILQLWH&17V
:KHQU UWKHQRUPDOL]HGHTXLOLEULXPGLVWDQFHGHFUHDVHVZLWKLQFUHDVLQJUDVUcZKLOH
WKH\ LQFUHDVHZLWK LQFUHDVLQJUDVU!c:KHQU U  WKHHTXLOLEULXPGLVWDQFHIURP(T
 WHQGV WR WKDW RI WZRSDUDOOHO OLQHV LQ(T :KHQ U U!c WKH HTXLOLEULXPGLVWDQFH
WHQGVWRWKDWRIWKHWXEHJUDSKHQHU!cLQ&17JUDSKHQH
)RUDJLYHQU cWKHQRUPDOL]HGHTXLOLEULXPGLVWDQFHDOVRGHFUHDVHVZLWKLQFUHDVLQJUDV
UcZKLOHLWLQFUHDVHVZLWKLQFUHDVLQJUU!c:KHQU WKHHTXLOLEULXPGLVWDQFH
DSSURDFKHV WKH GLVWDQFH RI WZR JUDSKHQH VKHHWV 2Q WKH RWKHU KDQG WKH HTXLOLEULXP GLVWDQFH
WHQGVWRWKDWRIWXEHJUDSKHQHIRUU!c
6LQFHDOOWKHUDGLLRI&17DUHODUJHUWKDQcWKHKıEHWZHHQWKH&17DQGWKHJUDSKHQH
VKHHWLQFUHDVHVZLWKLQFUHDVLQJUDQGWKHQWHQGVWRDFRQVWDQW
7ZRFURVVLQJLQILQLWH&17V
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/DVWZH VWXG\ WKH WZR FURVVLQJ LQILQLWH&17V DV VKRZQ LQ)LJ 7KH XSSHU DQG ORZHU
&17UDGLLDUHUDQGUUHVSHFWLYHO\7KHFURVVLQJDQJOHEHWZHHQWKHWZRFHQWHUD[HVRIWKHWZR
FURVVLQJ&17VLVGHQRWHGDVȕ

)LJ7KHFRRUGLQDWHV\VWHPDQGDVFKHPDWLFGLDJUDPRIWKHWZRFURVVLQJLQILQLWH&17V
7KHF\OLQGULFDOFRRUGLQDWHVUș]DQGWKH&DUWHVLDQFRRUGLQDWHV[\]DUHERWKXVHGIRU
WKHXSSHU&17ZKHUH]LVWKHFHQWUDOD[LVRIWKH&17:HDVVXPHWKHYHUWLFDOOLQHEHWZHHQWKH
WZRFHQWHUD[HVRIWKHWZRFURVVLQJ&17VRQWKH] SODQH7KHFORVHVWGLVWDQFHEHWZHHQWKHWZR
SDUDOOHO&17VHGJHLVK)RUH[DPSOHWKHSRLQW'RQWKHORZHU&17PRYHVWRWKHSRVLWLRQRIWKH
SRLQW(DIWHUURWDWLQJWKHORZHU&177KHQWKHFHQWHUSRLQW%PRYHVWRWKHSRVLWLRQRIWKHSRLQW
&DQGVRRQ%DVHGRQWKHJHRPHWULFUHODWLRQVKLSZHREWDLQWKHFRRUGLQDWHVRIWKHSRLQWV$%
& ' ( ) DQG * LQ WKH &DUWHVLDQ FRRUGLQDWHV LH $ UUK   % UUK  ] &
UUK ]VLQȕ ]FRVȕ ' DFRVș DVLQș  ( DFRVș DVLQșFRVȕ DVLQșVLQȕ )
DFRVșDVLQșFRVȕ]DVLQșVLQȕ*DFRVșDVLQș]VLQȕ]FRVȕUFRVșVLQȕZKHUHD
DQGșDUHGHILQHGLQ(TDQG(T
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    7KHWRWDOFRKHVLYHHQHUJ\RIWKHWZRQDQRWXEHVGXHWRWKHYG:IRUFHFDQEHZULWWHQDV
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(TLVVROYHGE\*DXVVLDQTXDGUDWXUH

)LJ7KHWZRFURVVLQJȕ LQILQLWH&17VRILQRXUPROHFXODUG\QDPLFVVLPXODWLRQ
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
)LJ7KHGLVWULEXWLRQRIFRKHVLYHHQHUJ\ZLWKGLIIHUHQWGLVWDQFHEHWZHHQWZRFURVVLQJLQILQLWH&17VXVLQJ
SUHVHQWDQDO\WLFDOPRGHODQGPROHFXODUG\QDPLFVVLPXODWLRQ
7RIXUWKHUYDOLGDWHWKHDQDO\WLFDOUHVXOWVRI(TZHFDUU\RXWWKH0'VLPXODWLRQDWȕ 
VHH )LJ  )LJ  VKRZV WKH GLVWULEXWLRQ RI FRKHVLYH HQHUJ\ ZLWK GLIIHUHQW GLVWDQFH
EHWZHHQWZRFURVVLQJLQILQLWH&17VXVLQJRXUSUHVHQWDQDO\WLFDOPRGHODQGPROHFXODUG\QDPLFV
VLPXODWLRQV7KHUHVXOWVIURP(TDJUHHZHOOZLWKUHVXOWVIURPWKH0'VLPXODWLRQ)LJ
VKRZV WKH WRWDO HQHUJ\ RQ WKH ORZHU DQG XSSHU &17V ZLWK GLIIHUHQW GLVWDQFHV EHWZHHQ WZR
FURVVLQJLQILQLWH&17V:HILQGWKDWWKHWZRNLQGVRIWRWDOHQHUJ\DUHERWKWKHVDPH7KHUHVXOWV
VKRZ WKDW WKHSUHVHQWPRGHO LV DFFXUDWH WRGHVFULEH WKHFRKHVLYHHQHUJ\EHWZHHQ WZRFURVVLQJ
LQILQLWH&17V
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
)LJ7KHWRWDOFRKHVLYHHQHUJ\RQWKHORZHUDQGXSSHU&17VZLWKGLIIHUHQWGLVWDQFHEHWZHHQWZRFURVVLQJ
LQILQLWH&17VXVLQJSUHVHQWDQDO\WLFDOPRGHO

)LJ7KHGLVWULEXWLRQRIWKHFRKHVLYHHQHUJ\EHWZHHQWZRFURVVLQJLQILQLWH&17VIRUGLIIHUHQWUDGLLXVLQJ
SUHVHQWDQDO\WLFDOPRGHO
7KHGLVWULEXWLRQRIWKHFRKHVLYHHQHUJ\ѰWRWDOEHWZHHQWZRFURVVLQJȕ LQILQLWH&17VIRU
GLIIHUHQW UDGLL LV LOOXVWUDWHG LQ )LJ  7KH FRKHVLYH HQHUJ\ ѰWRWDO GHFUHDVHV ZLWK LQFUHDVLQJ
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&17 UDGLXV IRU D JLYHQ GLVWDQFH K ZKHQ ѰWRWDO ZKLOH ѰFLUFOH LQFUHDVHV ZLWK LQFUHDVLQJ &17
UDGLXVZKHQѰWRWDO! 
:H ILQG WKDW WKH HTXLOLEULXPGLVWDQFHK EHWZHHQ WZR FURVVLQJ&17V LV LQGHSHQGHQW RI WKH
FURVVLQJDQJOHȕZKLFKLVWKHVDPHDVIRUWZRFURVVLQJOLQHVLQVHFWLRQ 

)LJ7KHQRUPDOL]HGHTXLOLEULXPGLVWDQFHKıEHWZHHQWZRFURVVLQJLQILQLWH&17V
)LJVKRZVWKHQRUPDOL]HGHTXLOLEULXPGLVWDQFHKıEHWZHHQWZRFURVVLQJLQILQLWH&17V
:KHQU UWKHQRUPDOL]HGHTXLOLEULXPGLVWDQFHGHFUHDVHVZLWKLQFUHDVLQJUDVUcZKLOH
LWLQFUHDVHVZLWKLQFUHDVLQJUDVU!c:KHQU U WKHHTXLOLEULXPGLVWDQFHIURP(T
WHQGV WR WKDW RI WZR FURVVLQJ OLQHV LQ (T  :KHQ U U! c WKH HTXLOLEULXP GLVWDQFH
DSSURDFKHV
)RUWZRFURVVLQJ&17VZLWKU UWKHILWWLQJIXQFWLRQRIWKHQRUPDOL]HGHTXLOLEULXPGLVWDQFH
KıLVH[SUHVVHGDV
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
ZKHUHD E F G DQGH 
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)LJ7KHUDWLREHWZHHQWKHHTXLOLEULXPGLVWDQFHVRIWKHWZRSDUDOOHO&17VDQGWKRVHRIWKHWZRFURVVLQJ&17V
IRUGLIIHUHQWUDGLL 
)LJ  VKRZV WKH UDWLR EHWZHHQ WKH HTXLOLEULXP GLVWDQFHV RI WKH WZR SDUDOOHO &17V DQG
WKRVHRIWKHWZRFURVVLQJ&17VZLWKGLIIHUHQWUDGLL7KH\DOZD\VKLJKHUWKDQWKRVHEHWZHHQWZR
FURVVLQJ&17VIRUGLIIHUHQWUDGLL7KHUDWLRLQFUHDVHVZLWKLQFUHDVLQJU UcZKLOHWKH\
GHFUHDVHVZLWKLQFUHDVLQJU U!c:KHQU U!cWKHUDWLRWHQGVWRDFRQVWDQWRI
&RQFOXGLQJUHPDUNV
7KH VXUIDFH YDQ GHU :DDOV IRUFHV SOD\ D NH\ UROH RQ WKH PHFKDQLFDO EHKDYLRU RI
&17JUDSKHQH&17VXEVWUDWH DQG WKH WZR FURVVLQJ&17V$ FOHDU XQGHUVWDQGLQJ RI WKH YG:
LQWHUDFWLRQV EHWZHHQ WZR FURVVLQJ &17V RU JUDSKHQH VKHHWV LV FUXFLDO IRU WKHLU SRWHQWLDO
DSSOLFDWLRQVLQWKHQDQRHOHFWURPHFKDQLFDOV\VWHPVDQGHOHFWURQLFGHYLFHV
,QWKLVSDSHUWKHFRKHVLYHHQHUJ\DQGHTXLOLEULXPGLVWDQFHVIRU&17JUDSKHQH&17VXEVWUDWH
DQG WZR FURVVLQJ &17V KDYH EHHQ REWDLQHG E\ FRQWLQXXP PRGHOLQJ RI WKH YDQ GHU :DDOV
LQWHUDFWLRQEHWZHHQ WKHP2XU FDOFXODWLRQV VKRZ WKDW WKH FRKHVLYH HQHUJ\DQG WKH HTXLOLEULXP
GLVWDQFHV LQ WKH V\VWHP VWURQJO\ GHSHQG RQ WKHLU GLDPHWHUV GLVWDQFH DQG FURVVLQJ DQJOHV 7KH
VPDOOHUGLDPHWHUV UHVXOW LQKLJKHUHQHUJ\ IRU DJLYHQGLVWDQFHDQGFURVVLQJDQJOHEHWZHHQ WZR
FURVVLQJ&17V7KHHTXLOLEULXPGLVWDQFHVDOZD\V LQFUHDVHZLWK LQFUHDVLQJ UDGLXVRI WKH&17V
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DQG WHQG WR WKH FRUUHVSRQGLQJ FRQVWDQWVZKLOH WKH HTXLOLEULXPGLVWDQFHV EHWZHHQ WZRSDUDOOHO
LQILQLWH&17VDUHDOZD\VKLJKHU WKDQ WKRVHRI  WZRFURVVLQJ&17VDQG ORZHU WKDQ WKDWRI WZR
JUDSKHQH VKHHWV IRU D JLYHQ UDGLXV &RPSDUHG ZLWK RXU PROHFXODU G\QDPLFV VLPXODWLRQ WKH
DQDO\WLFDO H[SUHVVLRQV DUH FRQVLGHUDEO\ HIIHFWLYH WR FKDUDFWHUL]H WKH LQWHUDFWLRQ EHWZHHQ
&17JUDSKHQHV&17VXEVWUDWHDQGWZRFURVVLQJ&17V7KHREWDLQHGDQDO\WLFDOVROXWLRQFDQEH
IXUWKHU XVHG WR HVWDEOLVK WKH FRKHVLYH ODZ IRU WKH LQWHUDFWLRQV DQG DSSO\ LQWR ILQLWH HOHPHQW
VLPXODWLRQFRKHVLYH]RQHPRGHOVRWKDWWKHLQWHUDFWLRQVEHWZHHQWKHV\VWHPVIURPQDQRVFDOHWR
PLFURPDFURVFDOH FDQ EH SUHGLFWHG ZHOO LQ WKH SUDFWLFDO H[SHULPHQWV 7KH DQDO\WLFDO VROXWLRQ
VKRXOG DOVR KDYH JUHDW KHOS IRU XQGHUVWDQGLQJ WKH LQWHUDFWLRQ EHWZHHQ WKH QDQRVWUXFWXUHV DQG
VXEVWUDWHVDQGGHVLJQLQJQDQRFRPSRVLWHVDQGQDQRHOHFWURPHFKDQLFDOV\VWHPV
,WVKRXOGEHQRWHGWKDWDOOWKHVWUXFWXUHVLQWKHVWXG\&17VJUDSKHQHDQGVXEVWUDWHVDUHWDNHQ
DVULJLGERGLHV$FWXDOO\WKH&17VDQGJUDSKHQHPLJKWEHVHULRXVO\GHIRUPHGZKHQWKH\FRQWDFW
ZLWKHDFKRWKHU7KHLVVXHVKRXOGEHPRUHFRPSOLFDWHGDQGFDQEHIXUWKHUGRQHLQWKHQH[WZRUN
)XUWKHUPRUHLWVKRXOGEHDOVRQRWHGWKDWWKHFKLUDOLW\GHSHQGHQWFRKHVLYHHQHUJ\RIWKHSUHVHQW
V\VWHPVLVQRWFRQVLGHUHGLQWKLVSDSHUZKLOHWKHLVVXHVKRXOGEHPRUHDFFXUDWHDQGXVHIXOLQWKH
SUDFWLFDODSSOLFDWLRQDQGZLOOEHIXUWKHUVWXGLHGLQWKHQH[WZRUN
5HIHUHQFHV
$QDQWUDP03/HRQDUG)3K\VLFVRIFDUERQQDQRWXEHHOHFWURQLFGHYLFHV5HS3URJ3K\V
&DSDOGL)0%R\FH0&5XWOHGJH*&0ROHFXODUUHVSRQVHRIDJODVV\SRO\PHUWRDFWLYHGHIRUPDWLRQ
3RO\PHU
&KDQJ 7 *DR +  6L]HGHSHQGHQW HODVWLF SURSHUWLHV RI D VLQJOHZDOOHG FDUERQ QDQRWXEH YLD DPROHFXODU
PHFKDQLFVPRGHO-0HFK3K\V6ROLGV
&KDQJ77RUVLRQDOEHKDYLRURIFKLUDOVLQJOHZDOOHGFDUERQQDQRWXEHVLVORDGLQJGLUHFWLRQGHSHQGHQW$SSO
3K\V/HWW
&KDQJ7 $PROHFXODU EDVHG DQLVRWURSLF VKHOOPRGHO IRU VLQJOHZDOOHG FDUERQ QDQRWXEHV -0HFK 3K\V
6ROLGV
&UDQIRU6:%XHKOHU0-0HFKDQLFDOSURSHUWLHVRIJUDSK\QH&DUERQ
*ROXE*+:HOVFK-+&DOFXODWLRQRI*DXVVTXDGUDWXUHUXOHV0DWK&RPS
*RYLQGMHH66DFNPDQ -/ 2Q WKHXVHRI FRQWLQXXPPHFKDQLFV WR HVWLPDWH WKHSURSHUWLHVRI QDQRWXEHV
6ROLG6WDWH&RPPXQ
+H;4.LWLSRUQFKDL 6 /LHZ.0 %XFNOLQJ DQDO\VLV RIPXOWLZDOOHG FDUERQ QDQRWXEHV D FRQWLQXXP
PRGHODFFRXQWLQJIRUYDQGHU:DDOVLQWHUDFWLRQ-0HFK3K\V6ROLGV
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-LDQJ - =KDR - .XQ = 5DEF]XN 7  6XSHULRU WKHUPDO FRQGXFWLYLW\ DQG H[WUHPHO\ KLJK PHFKDQLFDO
VWUHQJWKLQSRO\HWK\OHQHFKDLQVIURPDELQLWLRFDOFXODWLRQ-$SSO3K\V
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1DQRWHFK
/L&<&KRX7: $ VWUXFWXUDOPHFKDQLFV DSSURDFK IRU WKH DQDO\VLV RI FDUERQQDQRWXEHV ,QW -6ROLGV
6WUXFW
/L&<&KRX7:(ODVWLFSURSHUWLHVRIVLQJOHZDOOHGFDUERQQDQRWXEHVLQWUDQVYHUVHGLUHFWLRQV3K\V5HY
%
/L+*XR:7UDQVYHUVHO\LVRWURSLFHODVWLFSURSHUWLHVRIVLQJOHZDOOHGFDUERQQDQRWXEHVE\DUHFWDQJXODU
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
5X&4(IIHFWRIYDQGHU:DDOVIRUFHVRQD[LDOEXFNOLQJRIDGRXEOHZDOOHGFDUERQQDQRWXEH-$SSO3K\V

5X&4$[LDOO\FRPSUHVVHGEXFNOLQJRIDGRXEOHZDOOHGFDUERQQDQRWXEHHPEHGGHGLQDQHODVWLFPHGLXP-
0HFK3K\V6ROLGV
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3K\VLFDOSURSHUWLHVRIFDUERQQDQRWXEHV,PSHULDOFROOHJHSUHVV
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6DQFKH]3RUWDO ' $UWDFKR ( 6ROHU -0 5XELR $ 2UGHMRQ 3 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7VHUSHV.,3DSDQLNRV3)LQLWHHOHPHQWPRGHOLQJRIVLQJOHZDOOHGFDUERQQDQRWXEHV&RPSRVLWHV%

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SURSHUWLHVRIFDUERQDQGERURQQLWULGHQDQRWXEHV&DUERQ
:DKHHG1 0ROHFXODUVLPXODWLRQRIFU\VWDOJURZWKLQDONDQHDQGSRO\HWK\OHQHPHOWV3K'WKHVLV&RUQHOO
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&KDSWHU
1RYHOFRDUVHJUDLQHGSRWHQWLDOVRIVLQJOHZDOOHGFDUERQQDQRWXEHV
$EVWUDFW
7KHQRYHOFRDUVHJUDLQHG &*SRWHQWLDOVRI VLQJOHZDOOHGFDUERQQDQRWXEHV 6:&17VDUH
GHYHORSHG IRU VWXG\LQJ VWDWLF DQG G\QDPLF EHKDYLRU RI &17 EXQGOHV DQG EXFN\SDSHU 7KH
H[SOLFLW H[SUHVVLRQVRI WKH&*VWUHWFKLQJEHQGLQJDQG WRUVLRQSRWHQWLDOV IRU WKHQDQRWXEHVDUH
REWDLQHG E\ WKH VWLFNVSLUDO DQG WKH EHDPPRGHOV%DVHG RQ RXU DQDO\WLFDO UHVXOWV RI FRKHVLYH
HQHUJ\ EHWZHHQ WZR SDUDOOHO DQG FURVVLQJ 6:&17V IURP WKH YDQ GHU:DDOV LQWHUDFWLRQV WKH
QRQERQGHG &* SRWHQWLDOV EHWZHHQ WZR GLIIHUHQW &* EHDGV DUH FRPSOHWHO\ HVWDEOLVKHG
&RPELQDWLRQ RI WKH ERQGHG DQG QRQERQGHG WHUPV PDNHV WKH &*PRGHO DFFXUDWHO\ IRU ODUJH
GHIRUPDWLRQ RI WKH FRPSOH[ &17 V\VWHPV &KHFNLQJ DJDLQVW IXOO DWRP PROHFXODU G\QDPLFV
FDOFXODWLRQVDQGRXUDQDO\WLFDOUHVXOWVVKRZVWKDWWKHSUHVHQW&*SRWHQWLDOVKDYHKLJKDFFXUDF\
7KHHVWDEOLVKHG&*SRWHQWLDOVDUHXVHGWRVWXG\WKHPHFKDQLFDOSURSHUWLHVRI WKH&17EXQGOHV
DQG EXFN\SDSHU HIILFLHQWO\ DW D PLQRU IUDFWLRQ RI WKH FRPSXWDWLRQDO FRVW ZKLFK VKRZ JUHDW
SRWHQWLDOIRUGHVLJQLQJPLFURDQGQDQRPHFKDQLFDOGHYLFHVDQGV\VWHPV
,QWURGXFWLRQ
&DUERQ QDQRWXEHV &17V KDYH DWWUDFWHG FRQVLGHUDEOH LQWHUHVWV GXH WR WKHLU H[FHOOHQW
PHFKDQLFDO HOHFWURQLF WKHUPDORSWLFDO DQG VWUXFWXUDO SURSHUWLHVZKLFK HQDEOH WKHP IRUPDQ\
DSSOLFDWLRQV%DXJKPDQHWDO7KHPHFKDQLFDOSURSHUWLHVRI&17VKDYHEHHQH[WHQVLYHO\
VWXGLHG E\ FRQWLQXXPPRGHOLQJ DQG DWRPLVWLF VLPXODWLRQV LQ WKH SDVW GHFDGH 2GHUJDUG HW DO
$UUR\RDQG%HO\WVFKNR=KDQJHWDO&KDQJDQG*DR/LDQG*XR
VLQFHWKHSURSHUWLHVFRXOGEHLPSRUWDQWLQWKH&17EDVHGGHYLFHV$WRPLVWLFEDVHGPHWKRGVVXFK
DVFODVVLFDOPROHFXODUG\QDPLFV0',LMLPDHWDO<DNREVRQHWDOWLJKWELQGLQJ
0'+HUQDQGH]HWDO=KDRHWDODQGGHQVLW\IXQFWLRQDOWKHRU\6DQFKH]3RUWDOHW
DO  =KDQJ HW DO  KDYH EHHQ XVHG WR VWXG\ WKH PHFKDQLFDO SURSHUWLHV RI &17V
+RZHYHUFRPSDUHGZLWKERWWRPXSDSSURDFKHVWRSGRZQDSSURDFKHVPD\VXEVWDQWLDOO\UHGXFH
                                                          
 7KHZRUNKDVEHHQVXEPLWWHGRQ-RXUQDORI0HFKDQLFVDQG3K\VLFVRI6ROLGV!!LQ
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WKHFRPSXWDWLRQDOFRVWVDQGDUH WKXV IUHTXHQWO\XVHG LQ UHODWHG LQYHVWLJDWLRQV%\HTXDWLQJ WKH
PROHFXODUSRWHQWLDOHQHUJ\RIQDQRPDWHULDOVWRWKHPHFKDQLFDOVWUDLQHQHUJ\RIDUHSUHVHQWDWLYH
FRQWLQXXPPRGHO2GHUJDUGHWDOREWDLQHGDUHODWLRQEHWZHHQHIIHFWLYHEHQGLQJULJLGLW\
DQGPROHFXODUSURSHUWLHVRIDJUDSKHPHVKHHW&KDQJDQG*DRHVWDEOLVKHGDQDQDO\WLFDO
VWLFNVSLUDOPRGHO 660EDVHGRQPROHFXODUPHFKDQLFVPHWKRGDQG IRU WKH ILUVW WLPHGHULYHG
FORVHGIRUPH[SUHVVLRQVIRUWKHHODVWLFSURSHUWLHVRIGLIIHUHQW6:&17V$QLPSURYHGPRGHOE\
-LDQJDQG*XRZDVXVHGWRLQYHVWLJDWHWKHHODVWLFSURSHUWLHVRIVLQJOHZDOOHGERURQQLWULGH
QDQRWXEHV/LDQG&KRXSUHVHQWHGDEHDPPRGHOIRUFDUERQFDUERQERQGVEDVHGRQ
WKHPROHFXODUPHFKDQLFV%\H[WHQGLQJWKHWZRDQDO\WLFDOPHWKRGVWRFU\VWDOOLQHSRO\PHUV=KDR
HW DO ZHSUHVHQWHG WKH660DQGEHDPPRGHO WR LQYHVWLJDWH WKH VL]HGHSHQGHQW HODVWLF
SURSHUWLHVRIFU\VWDOOLQHSRO\HWK\OHQH3(=KDRHWDO)URPDOORIWKHVHZRUNVZH
IRXQG WKH DQDO\WLFDO PHWKRGV DUH HVSHFLDOO\ XVHIXO IRU OLQNLQJ PROHFXODU DQG FRQWLQXXP
PHFKDQLFV VLQFH WKH PHFKDQLFDO SURSHUWLHV FDQ EH GLUHFWO\ FRQQHFWHG E\ WKH FORVHGIRUP
H[SUHVVLRQV
5HFHQWO\ &17 QHWZRUNV IHDWXUH RXWVWDQGLQJ PHFKDQLFDO SHUIRUPDQFH DQG KLHUDUFKLFDO
VWUXFWXUHVDQGQHWZRUNWRSRORJLHVZKLFKKDYHEHHQWDNHQDVDSRWHQWLDOVDYLQJHQHUJ\PDWHULDO
;LH HW DO  ,Q WKH V\QWKHVLV RI QDQRFRPSRVLWHV WKH IRUPDWLRQ RI WKH&17EXQGOHV LV D
FKDOOHQJH WR UHPDLQ LQXQGHUVWDQGLQJKRZ WRPHDVXUH DQGSUHGLFW WKHSURSHUWLHVRI VXFK ODUJH
V\VWHPV$MD\DQDQG%DQKDUW.LVHWDO2QWKHRWKHUKDQGWKHGLVSHUVLRQRI&17V
ZLWKLQ WKH PDWULFV DQG WKHLU LQWHUIDFHV DUH RI FULWLFDO LPSRUWDQFH WR HVWDEOLVK HIILFLHQW ORDG
EHDULQJSHUIRUPDQFHIRUODUJHVFDOHDSSOLFDWLRQV&UDQIRUGHWDO+RZHYHUWKLVSUREOHP
KDVQRWEHHQ VROYHG VDWLVIDFWRULO\ \HW=KLJLOHL HW DO GHYHORSHGDPHVRVFRSLFPRGHORI
LQGLYLGXDO6:&17VE\ IXOO DWRPPROHFXODUG\QDPLFV 0' VLPXODWLRQVZLWK0))SRWHQWLDOV
7KHVWUHWFKLQJEHQGLQJDQGWRUVLRQ&*SRWHQWLDOVRIGLIIHUHQW6:&17VZHUHUHSRUWHGZKLOHWKH
QRQERQGHG&*SRWHQWLDOVZHUHQRWFRQVLGHUHGLQWKLVZRUN%XHKOHUDQGKLVJURXSGHYHORSHGD
PHVRVFDOHPRGHOWRVWXG\WKHQDQRPHFKDQLFDOFKDUDFWHUL]DWLRQRI&17EXFN\SDSHUDQGEXQGOH
IRUPDWLRQ%XHKOHU&UDQIRUGDQG%XHKOHU&UDQIRUGHWDO;X¶VJURXS;LH
HW DO  :DQJ HW DO  DQG /L DQG .U|JHU  GHWDLOHG VWXGLHG WKH PHFKDQLFDO
SURSHUWLHVRIWKHWZRGLPHQVLRQDODQGWKUHHGLPHQVLRQDO&17QHWZRUNVEDVHGRQWKHPHVRVFDOH
PRGHO+RZHYHU WKH SRWHQWLDOV RI RQH NLQG RI VLQJOHZDOOHG&17 6:&17 ZHUH RQO\
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UHSRUWHG DQG WKH WRUVLRQ SRWHQWLDOV ZHUH QHJOHFWHG LQ WKHLU ZRUN 7KH QRQERQGHG SRWHQWLDOV
EHWZHHQWKHWZRLGHQWLFDO&*EHDGVRIWZRSDUDOOHO6:&17VZHUHRQO\SURYLGHGEDVHGRQ
WKHIXOODWRP0'UHVXOWV%XHKOHU$FWXDOO\ WKHWZRSDUDPHWHUVRIWKHLU/HQQDUG-RQHV
/-SRWHQWLDOVDUHREWDLQHGE\ ILWWLQJ WKHDGKHVLRQHQHUJ\DW WKHHTXLOLEULXPGLVWDQFHEHWZHHQ
WZR&17VDQG WKHUHVXOWVDUHRQO\HIIHFWLYHXQGHUVPDOOGHIRUPDWLRQE\ FRPSDULVRQ WKH
IXOODWRP0'ZLWKWKH&*0'VLPXODWLRQV+RZHYHUWKHODUJHGHIRUPDWLRQVIUHTXHQWO\RFFXULQ
WKH SUDFWLFDO DSSOLFDWLRQV ,Q SDUWLFXODU WKH QRQERQGHG &* SRWHQWLDOV EHWZHHQ WZR GLIIHUHQW
SDUDOOHO &17V DQG WZR FURVVLQJ &17V KDYH QRW EHHQ UHSRUWHG \HW ZKLFK VKRXOG EH PRUH
LPSRUWDQWWRVWXG\WKHPHFKDQLFDOSURSHUWLHVRI&17EXQGOHVEXFN\SDSHUDQGQHWZRUNV
7KHUHIRUHLWLVLPSRUWDQWWRGHYHORSWKHQRQERQGHGFRDUVHJUDLQHG&*SRWHQWLDOVEHWZHHQ
WZRGLIIHUHQWSDUDOOHODQGWZRGLIIHUHQWFURVVLQJ6:&17V$WWKHQDQRVFDOH WKHZHDNYDQGHU
:DDOV YG: LQWHUDFWLRQV JRYHUQ WKH VWUXFWXUDO RUJDQL]DWLRQ DQG WKHPHFKDQLFDO SURSHUWLHV RI
&17 EXQGOHV DQG QHWZRUNV &UDQIRUG HW DO  5X   =KRX HW DO  7KH
LQWHUDFWLRQV RI LQGLYLGXDO &17V LQ ODUJHUVFDOH VWUXFWXUHV RIWHQ SOD\ D FULWLFDO UROH LQ WKH
PHFKDQLFDO FKDUDFWHUL]DWLRQ RI &17 V\VWHPV +RZ WR SURYLGH DFFXUDWH &* QRQERQGHG
SRWHQWLDOV EHWZHHQ WZR VDPH&* EHDGV HVSHFLDOO\ EHWZHHQ WZR GLIIHUHQW &* EHDGV IRU WZR
SDUDOOHO&17VDQG WZRFURVVLQJ&17V LVDFULWLFDO LVVXH IRUREWDLQLQJ UHOLDEOH UHVXOWV IURP WKH
&*0'VLPXODWLRQV
,QWKLVSDSHUWKHQRYHO&*SRWHQWLDOVRIGLIIHUHQW6:&17VDUHGHYHORSHGIURPDPROHFXODU
PHFKDQLFVPRGHOLQZKLFKWKHVWUHWFKLQJEHQGLQJDQGWRUVLRQ&*SRWHQWLDOVDUHREWDLQHGEDVHG
RQ WKH 660 DQG WKH EHDPPRGHO ,Q SDUWLFXODU WKH WZR GLIIHUHQW QRQERQGHG &* SRWHQWLDOV
EHWZHHQ WZR SDUDOOHO DQG FURVVLQJ &17V DUH FRPSOHWHO\ HVWDEOLVKHG EDVHG RQ WKH FRKHVLYH
HQHUJ\ EHWZHHQ WKH WZR &17V IURP YG: LQWHUDFWLRQV )ROORZLQJ WKH VLPLODU LGHD %XHKOHU
ZHIXUWKHUSURYLGHWKHILUVWNLQGQRQERQGHG&*PRGHOWRREWDLQWKHWZRSDUDPHWHUVRI
WKHQRQERQGHG&*/-SRWHQWLDOVEHWZHHQWZRGLIIHUHQW&17VZKLFKLVDFFXUDWHHQRXJKZKHQ
WKH GLVSODFHPHQW LV FORVH WR WKH HTXLOLEULXP GLVWDQFH EHWZHHQ WZR SDUDOOHO DQG WZR FURVVLQJ
&17V7RREWDLQD&*PRGHOIRUODUJHGHIRUPDWLRQVWKHVHFRQGNLQGQRQERQGHG&*PRGHOLV
IXUWKHUGHYHORSHG:HILQGWKHVHFRQGNLQG&*PRGHOKDVKLJKDFFXUDF\E\FKHFNLQJDJDLQVWWKH
IXOODWRP0'&*0'VLPXODWLRQVDQGWKHDQDO\WLFDOUHVXOWV7KHHVWDEOLVKHG&*SRWHQWLDOVDUH
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HIILFLHQWO\ XVHG WR VWXG\ WKHPHFKDQLFDO SURSHUWLHV RI WKH &17 EXQGOHV DQG EXFN\SDSHU DW D
PLQRU IUDFWLRQRI WKHFRPSXWDWLRQDOFRVWZKLFKVKRXOGEHDOVRRIJUHDWKHOS IRUGHVLJQLQJ WKH
FRUUHVSRQGLQJQDQRPHFKDQLFDOGHYLFHVDQGV\VWHPV
7KH SDSHU LV RUJDQL]HG DV IROORZV 6HFWLRQ  VKRZV WKH&*ERQG VWUHWFKLQJ EHQGLQJ DQG
WRUVLRQSRWHQWLDOVRI6:&17VEDVHGRQWKHVWLFNVSLUDODQGWKHEHDPPRGHOV,QVHFWLRQWKH
QRQERQGHG&* SRWHQWLDOV EHWZHHQ WZR SDUDOOHO &17V DQG WKHLU DSSOLFDWLRQV LQ GLIIHUHQW IUHH
YLEUDWLRQVDQGEXQGOHVDUHV\VWHPDWLFDOO\LQYHVWLJDWHG6HFWLRQGHVFULEHVWKHQRQERQGHG&*
SRWHQWLDOV EHWZHHQ WZR FURVVLQJ &17V DQG WKHLU DSSOLFDWLRQ IRU VWXG\LQJ WKH PHFKDQLFDO
SURSHUWLHVRI WKHEXFN\SDSHU ,QVHFWLRQ WKHHIIHFWVRI WKHHTXLOLEULXPERQGOHQJWKDQGWKH
VWDJJHUHGDQGQRQVWDJJHUHGSRVLWLRQVEHWZHHQWKHWZR&*EHDGVRQWKH&*SRWHQWLDOVDQGWKH
DGYDQWDJHVDQGOLPLWDWLRQVRIWKH&*SRWHQWLDOVDUHGLVFXVVHG7KHSDSHULVFRQFOXGHGLQVHFWLRQ

&RDUVHJUDLQHGVWUHWFKLQJEHQGLQJDQGWRUVLRQSRWHQWLDOVRI6:&17V
)RU&17EXQGOHVEXFN\SDSHUDQGQHWZRUNVWKHYG:LQWHUDFWLRQVEHWZHHQWZR&17VKDYHD
JUHDWHIIHFWRQWKHLURUJDQL]DWLRQDQGPHFKDQLFDOSURSHUWLHV7RUHGXFHWKHFRPSXWDWLRQDOFRVW
WKH&*PRGHOLVGHYHORSHGLQWKLVSDSHUVRWKDWWKHODUJHVFDOH&17EXQGOHVDQGQHWZRUNVFDQ
EHVWXGLHGEDVHGRQWKHPRGHO%XHKOHU)LJVKRZVWKHIXOODWRP6:&17DQGLWV&*
EHDGVLQZKLFKWKHPDVVFHQWHUSHUXQLWOHQJWKLVDOZD\VDORQJWKHFHQWUDOD[LVRIWKH&17$OO
ERQGDQJOHVDPRQJWKH&*EHDGVDUHDOZD\V%XHKOHUZKLOHWKHHTXLOLEULXPERQG
OHQJWK (%/ U LQ WKH&*PRGHO FDQ EH GHWHUPLQHG ODWHU7KHPDVV SHU&*EHDG LV HTXDO WR
ʌUUȡJHPFZKHUHU LV WKHUDGLXVRI WKH&17PF LV WKHPDVVRIFDUERQDWRPȡJH DSSUR[LPDWH
cUHSUHVHQWVWKHDUHDGHQVLW\RIJUDSKHQHZKLFKPD\EHVOLJKWO\GLIIHUHQWIURPWKHDUHD
GHQVLW\RIJUDSKHQHGXHWRWKHFXUYDWXUHHIIHFWLQWKH&17+HHWDO-LDQJHWDO
)LJVKRZVWZRGLIIHUHQW6:&17VDQGWKHLU&*PRGHOZKHUHUDQGUDUHWKHUDGLLRIWKH
WZR6:&17VUHVSHFWLYHO\
,QWKHIUDPHZRUNRIPROHFXODUG\QDPLFVWKHWRWDOHQHUJ\8RID&17DWVPDOOVWUDLQVDORQJ
WKHD[LDOGLUHFWLRQRI&17FDQEHH[SUHVVHGDVDVXPRIHQHUJLHVDVVRFLDWHGZLWKWKHYDULDQFHRI
ERQGOHQJWK8EDQGERQGDQJOH8șLH&KDQJDQG*DR
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ZKHUHGELLVWKHERQGHORQJDWLRQRIERQGLDQGGșMLVWKHYDULDQFHRIERQGDQJOHMDQG.EDQG.ș
DUHWKHUHODWHGIRUFHFRQVWDQW

)LJ7KH&*PRGHOIRUD6:&17DVOLGHYLHZEIURQWYLHZ


)LJ7KHWZRSDUDOOHO6:&17VDQGWKHLU&*PRGHODIXOODWRPVWUXFWXUHIRUWZRSDUDOOHO6:&17VE&*
PRGHODQG&*SRWHQWLDOVLQD
%DVHG RQ WKH 660 &KDQJ DQG*DR &KDQJ  WKH<RXQJ¶VPRGXOXV DQG VKHDU
PRGXOXVRID&17FDQEHH[SUHVVHGDV
 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ZKHUHȝ .E.șE DQG W LV WKH WKLFNQHVV RI WKH&17 DQGE c LV WKH LQLWLDO ERQG OHQJWK
EHWZHHQWZRFDUERQV7KHRWKHUSDUDPHWHUVVWURQJO\GHSHQGRQWKHFKLUDOLW\RIWKH&17DQGFDQ
EH IRXQG LQ $SSHQGL[ ,Q WKLV SDSHU .E  Q1QP DQG.ș  Q1 QP LV FKRVHQ IRU WKH
FRQWLQXXPPRGHO &KDQJ DQG.E Q1QPDQG.ș Q1QP LV FKRVHQ IRU WKH
FRQWLQXXPPRGHO/LDQG*XR
)RU WKH&*PRGHO LQ)LJ WKH WRWDO HQHUJ\8FJ RI D&17FDQEH H[SUHVVHG DV D VXPRI
HQHUJLHVDVVRFLDWHGZLWKWKHYDULDQFHRIERQGOHQJWK8FJEERQGDQJOH8FJșDQGWRUVLRQDQJOH
8FJĲLH&KDQJDQG*DR
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ZKHUHGEFJLLVWKHERQGHORQJDWLRQRIERQGLGșFJMLVWKHYDULDQFHRIERQGDQJOHMDQGGĲFJNLVWKH
YDULDQFHRIWRUVLRQDQJOHNDQG.FJE.FJșDQG.FJĲDUHWKHUHODWHGIRUFHFRQVWDQW
)URP WKH EHDPPRGHO WKHRU\ /L DQG &KRX   LW LV HDV\ WR REWDLQ WKH HTXDWLRQ
EDVHGRQWKHHTXLOLEULXPHQHUJ\EHWZHHQWKH660DQGEHDPPRGHO
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
ZKHUH$LVWKHFURVVVHFWLRQDUHDRIWKH&17,DQG-DUHWKHLQSODQHDQGRXWRISODQHPRPHQWV
RILQHUWLDUHVSHFWLYHO\=KLJLOHLHWDOUHSRUWHGWKHWKUHHIRUFHFRQVWDQWVRIWKH&*PRGHO
E\XVLQJIXOODWRP0'ZLWK0))SRWHQWLDO
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
)LJ7KHGLVWULEXWLRQRI.FJE.FJșDQG.FJĲZLWKGLIIHUHQWUDGLL&17VXVLQJDQDO\WLFDOPRGHOIXOODWRP0'
VLPXODWLRQVD.FJEE.FJșF.FJĲ
7KH WKUHH IRUFHFRQVWDQWVGLVWULEXWLRQZLWK&17UDGLXV LVSORWWHG IURPRXUDQDO\WLFDO UHVXOWV
DQG=KLJLOHLHWDO¶VVLPXODWLRQVLQ)LJ)URP)LJDWKH.FJEDJUHHVZHOOZLWKHDFKRWKHU
IRUWKHVPDOO&17V2XUDQDO\WLFDOUHVXOWVDUHKLJKHUWKDQ=KLJLOHLHWDO¶VUHVXOWVIRUODUJHUDGLXV
VLQFHWKHWZRGLIIHUHQWSRWHQWLDOVDUHXVHGLQRXUDQDO\WLFDOPRGHODQG=KLJLOHLHWDO¶VPRGHO7KH
RWKHUWZRFRQVWDQWV.FJșDQG.FJĲDUHUHDVRQDEOHE\FRPSDULVRQZLWK=KLJLOHLHWDO¶VUHVXOWV1RWH
WKDW U LV FKRVHQ DV  c VR WKDW WKH QRQERQGHG &* PRGHO LV HIIHFWLYH HQRXJK GHWDLOHG
GLVFXVVLRQLVJLYHQODWHU0RUHRYHUWKH%XHKOHU¶VUHVXOWVEDVHGRQU cDUHDOVRSORWWHG:H
ILQG WKDW KLV .FJE  Q1QP IRU WKH  &17 DJUHHV ZHOO ZLWK WKH RWKHU WZR UHVXOWV
DQDO\WLFDOQ1QPDQG=KLJLOHLHWDO¶VQ1QPZKLOH.FJș Q1QPLVKLJKHUWKDQ
WKHRWKHUWZRUHVXOWVDQDO\WLFDOQ1QPDQG=KLJLOHLHWDO¶VQ1QP7RFRQYHQLHQWO\XVH
RXUDQDO\WLFDOPRGHOWKHILWWLQJIXQFWLRQVRIWKHWKUHHFRQVWDQWVDUHDOVRSUHVHQWHGLQ)LJ
7KHSUHVHQW&*VWUHWFKLQJEHQGLQJDQGWRUVLRQSRWHQWLDOVIRU&17VDUHREWDLQHGE\XVLQJWKH
VDPHPHWKRGZLWK=KLJLOHLHW DO¶VDSSURDFK ,WKDVEHHQDOVRYDOLGDWHG WKDW WKH&*PRGHOFDQ
UHSURGXFH ZHOO WKH G\QDPLF EHKDYLRU RI LQGLYLGXDO &17V SUHGLFWHG LQ DWRPLVWLF VLPXODWLRQV
=KLJLOHLHWDO0RUHFRPSOLFDWHGYDOLGDWLRQZLOOEHJLYHQODWHU
,W VKRXOG EH QRWHG WKDW WKH (T  (T  DQG (T  DUH HIILFLHQW HQRXJK XQGHU VPDOO
GHIRUPDWLRQIRULQGLYLGXDO6:&178QGHUODUJHGHIRUPDWLRQ&KDQJ¶VJURXS*HQJDQG&KDQJ
 HVWDEOLVKHG D QRQOLQHDU VWLFNVSLUDO PRGHO WR GHVFULEH WKH PHFKDQLFDO EHKDYLRU RI
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6:&17V EDVHG RQ D 0RUVH W\SH SRWHQWLDO 7KH QRQOLQHDU PRGHO FRXOG EH GLUHFWO\ XVHG WR
GHYHORSWKHQRQOLQHDU&*VWUHWFKLQJEHQGLQJDQGWRUVLRQSRWHQWLDOV
&RDUVHJUDLQHGQRQERQGHGSRWHQWLDOVIRUWZRSDUDOOHO6:&17VDQGWKHLUDSSOLFDWLRQV
&RDUVHJUDLQHGQRQERQGHGSRWHQWLDOVIRUWZRSDUDOOHO6:&17V
&RKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHO6:&17V
7KH HQHUJ\ RI WKH YG: LQWHUDFWLRQV EHWZHHQ WKH WZR FDUERQV RI&17V +H HW DO  LV
JLYHQE\
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
ZKHUH G LV WKH GLVWDQFH EHWZHHQ WKH LQWHUDFWLQJ DWRPV LV WKH GHSWK RI WKH SRWHQWLDO ı LV D
SDUDPHWHU WKDW LV GHWHUPLQHG E\ WKH HTXLOLEULXP GLVWDQFH   PHY DQG ı  c DUH
DGRSWHGIURPWKHOLWHUDWXUHV<DNREVRQ&KDQJ
7RREWDLQWKHFRKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHO6:&17V)LJVKRZVWKHFRRUGLQDWH
V\VWHPDQGD VFKHPDWLFGLDJUDPRI WKH WZRSDUDOOHO LQILQLWH&17V7KHXSSHUDQG ORZHU&17
UDGLLDUHUDQGUUHVSHFWLYHO\7KHFORVHVWGLVWDQFHEHWZHHQWKHWZRSDUDOOHO&17VHGJHLVK
7KHHQHUJ\SHUXQLWOHQJWKDORQJWKH]GLUHFWLRQRQWKHORZHU&17IURPWKHYG:LQWHUDFWLRQV
FDQEHZULWWHQDV=KDRHWDOD
   
   
 
     
     
   
 
 
FLFOH
D U D U
) )
U D U D
U U G G
U D U D
S SI S V U V T T
§ ·ª º ª º¨ ¸« » « » ¨ ¸« » « »¬ ¼ ¬ ¼  ¨ ¸ ¨ ¸¨ ¸© ¹
³ ³ 
ZKHUHDOOWKHSDUDPHWHUVFDQEHVHHQLQ(TRIFKDSWHU
(TFDQEHFRPSOHWHO\VROYHGE\*DXVVLDQTXDGUDWXUH*ROXEDQG:HOVFK7RVKRZ
WKHYDOLGLW\RI WKHSUHVHQW FRQWLQXXPPRGHO WKHGLVWULEXWLRQRI WKH DQDO\WLFDO FRKHVLYH HQHUJ\
ZLWK GLVWDQFH E\(T  IRU WZR GLIIHUHQW SDUDOOHO&17V LV SORWWHG LQ )LJ  7KH DQDO\WLFDO
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UHVXOWVDUHLQH[FHOOHQWDJUHHPHQWZLWKWKHIXOODWRP0'UHVXOWVGHWDLOHGSURFHVVFDQEHVHHQLQ
RXU SUHYLRXV ZRUN =KDR HW DO D LQ ZKLFK WKH 0' VLPXODWLRQ LV SHUIRUPHG XVLQJ
/$0036 3OLPSWRQZLWK WKH$,5(%2SRWHQWLDO DQGSHULRGLFERXQGDU\FRQGLWLRQV DUH
DSSOLHG DORQJ WKH FHQWHU D[LV RI WKH &17V WKH /- FXWRII UDGLXV LV FKRVHQ  cZKLFK LV DQ
HQRXJKGLVWDQFHWRJHWDFFXUDWHUHVXOWV,WYDOLGDWHVWKHDFFXUDF\RIWKHFRQWLQXXPPRGHORI(T
LQWKHGHVFULSWLRQRIWKHFRKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHO&17V

)LJ7KHGLVWULEXWLRQRIFRKHVLYHHQHUJ\ZLWKGLIIHUHQWGLVWDQFHEHWZHHQWZRSDUDOOHO6:&17VXVLQJSUHVHQW
DQDO\WLFDOPRGHODQGIXOODWRPPROHFXODUG\QDPLFVVLPXODWLRQV
&RDUVHJUDLQHGQRQERQGHGSRWHQWLDOVEHWZHHQWZRSDUDOOHO6:&17V
7RREWDLQWKHQRQERQGHG&*SRWHQWLDOVWKHWZRSDUDOOHO&17VFDQEHWDNHQDVWZRURZVRI
&*EHDGVLQ)LJ7KHWZRURZVRI&*EHDGVFDQEHIXUWKHUWDNHQDVWZRFRQWLQXXPOLQHVLQ
)LJ LQZKLFK WKHPDVVSHUXQLW OHQJWKRI OLQH LVHTXDO WRʌUȡJHPF$VLPLODUPHWKRGZDV
HIIHFWLYHO\XVHGWRVWXG\WKHFU\VWDOOLQHSRO\PHUVLQRXUSUHYLRXVZRUN=KDRHWDO=KDR
HWDO
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D&*EHDGVFKDLQVE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
,IZHDVVXPHWKDWWKHYG:LQWHUDFWLRQEHWZHHQWZR&*EHDGVLVDOVRWKHIXQFWLRQRI/-
SRWHQWLDO LQ (T  WKH FRKHVLYH HQHUJ\ SHU XQLW OHQJWK EHWZHHQ WZR SDUDOOHO OLQHV FDQ EH
REWDLQHG
 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
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ȡO UULVWKH(%/RIWKH&*PRGHO
6XEVWLWXWLQJ(TLQWR(TJLYHV
            
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
ZKHUH   LVWKHGHSWKDQGıLVWKHGLVSHUVLYHSDUDPHWHURIWKH&*/-SRWHQWLDO)URP
WKH HQHUJ\PLQLPXPFRQGLWLRQ  

 
FJ
K
I 

w  w  WKH HTXLOLEULXPGLVWDQFHK
 EHWZHHQ WKH WZR OLQHV
FDQEHJLYHQDVK
 ı1RWHWKDWULVFKRVHQDVcVRWKDWWKHFRQWLQXXPPRGHOLQJRI
(TLVHIIHFWLYHHQRXJKLQ)LJGHWDLOHGGLVFXVVLRQLVJLYHQODWHU)LJDVKRZVWKH
DGKHVLRQ HQHUJ\ WKDW LV WKH DEVROXWHPLQLPXPYDOXH RI׋FLUFOH LQ(T  DQG WKH HTXLOLEULXP
GLVWDQFHK
 VHH )LJ  DQG )LJ  EHWZHHQ WZR VDPH&17V IURP(T  7KH DQDO\WLFDO
UHVXOWV DUH LQ H[FHOOHQW DJUHHPHQW ZLWK WKRVH RI IXOO DWRP 0' VLPXODWLRQV ,Q YLHZ RI ı
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 K
 WKHYDOXHVRIıDUHSORWWHG LQ)LJF6XEVWLWXWLQJı K
DQG׋FJ
 PLQLPXPYDOXHRI׋FLUFOHLQWR(TJLYHVWKHYDOXHVRI   LQ)LJE


)LJ7KHPLQLPXPRI׋FLUFOHDQGK
GLVWULEXWLRQZLWK&17UDGLXVIURP(TDQGWKHWZRGLVSHUVLYHSDUDPHWHUV
RI&*DQG&*/-SRWHQWLDOVE\ILWWLQJWKHUHVXOWVD7KHPLQLPXPRI׋FLUFOHDQGK
GLVWULEXWLRQZLWK&17
UDGLXVIURP(TE   DQG   RI&*DQG&*/-SRWHQWLDOVFıDQGıRI&*DQG&*
/-SRWHQWLDOV
,QRXUSUHYLRXVZRUNDQGDYDLODEOHSXEOLVKHGDUWLFOHV=KDRHWDO1LHOVHQHWDO
WKH/-SRWHQWLDOVDUHPDLQO\XVHGWRGHVFULEHWKHYG:LQWHUDFWLRQVEHWZHHQWZR&*EHDGVIRU
SRO\PHUVDQGELRPDWHULDOV7KH/-SRWHQWLDOVLVH[SUHVVHGDV
 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
6XEVWLWXWLQJ(TLQWR(T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JLYHV
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
ZKHUH   LVWKHGHSWKDQGıLVWKHGLVSHUVLYHSDUDPHWHURIWKH&*/-SRWHQWLDO)URPWKH
HQHUJ\PLQLPXPFRQGLWLRQ  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FJ
K
I 

w  w WKHHTXLOLEULXPGLVWDQFHK
EHWZHHQWKHWZROLQHVFDQEH
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JLYHQDVK
 ı6LPLODUWRWKH&*/-SRWHQWLDOILWWLQJU cWKHWZRSDUDPHWHUV
RI   DQGıFDQEHREWDLQHGLQ)LJVEDQGF,WVKRXOGEHQRWHGWKDWDOODERYHUHVXOWVDUH
RQO\ ILWWHG E\ WKH PLQLPXP YDOXH RI WKH FRKHVLYH HQHUJ\ DQG WKH FRUUHVSRQGLQJ HTXLOLEULXP
GLVWDQFH K
 6LPLODU PHWKRG FDQ EH IRXQG LQ SUHYLRXV ZRUN %XHKOHU  1RWH WKDW ZH
GHILQHDERYH&*DQGQRQERQGHGPRGHODV&*PRGHO
,QRUGHUWRFRQYHQLHQWO\XVHWKHQRQERQGHG&*SRWHQWLDOVRIWKH&*PRGHODOOWKHYDOXHVRI
PLQLPXP RI ׋FLUFOH K
    DQG    DQG ı DQG ı EHWZHHQ WZR GLIIHUHQW 6:&17V DUH
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7RFKHFN WKHDFFXUDF\RI WKH&*SRWHQWLDOV)LJVKRZV WKHGLVWULEXWLRQRI WKHFRKHVLYH
HQHUJ\ZLWKK
XVLQJRXUDQDO\WLFDOPRGHOIXOODWRP0'DQG&*0'VLPXODWLRQV7KHFRKHVLYH
HQHUJ\RI&*/-DQG/-0'UHVXOWVZKLFKLVFORVHWR WKHHTXLOLEULXPGLVWDQFHDUHLQ
JRRGDJUHHPHQWZLWK WKHDQDO\WLFDODQGIXOO0'UHVXOWVZKLOH WKHGLIIHUHQFH VKDUSO\ LQFUHDVHV
ZLWKLQFUHDVLQJRUGHFUHDVLQJK
,QRWKHUZRUGVDOODERYH&*DQG/-ILWWLQJSDUDPHWHUV
DUHHIIHFWLYHZKHQWKH&*0'VWUXFWXUHVDUHVXEMHFWHGWRYHU\VPDOOGHIRUPDWLRQWKHWZRFKDLQV
RI&*0'VWUXFWXUHVDUHEXLOWLQWKHLQVHWRI)LJ

)LJ7KHGLVWULEXWLRQRIWKHFRKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHO&17VXVLQJDQDO\WLFDOPRGHOIXOO
DWRP0'DQG&*0'VLPXODWLRQV
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,QRUGHUWRREWDLQPRUHDFFXUDWHQRQERQGHG&*SRWHQWLDOVZKLFKFDQEHXVHGWRGHVFULEHWKH
ODUJHGHIRUPDWLRQZHFDQXVHWKHVHFRQG&*DQG/-IXQFWLRQVRI(TDQG(T
K
LVUHSODFHGE\KWRILWWKH׋FLUFOHKOLNH)LJFXUYHVDVVKRZQLQ)LJ1RWHWKDWZH
GHILQHWKLVNLQG&*DQGQRQERQGHGPRGHODV&*PRGHO

)LJ7KHVHFRQG&*QRQERQGHGWZRFRQWLQXXPOLQHVPRGHOIRUWZRSDUDOOHO6:&17V

)LJ7KHFRKHVLYHHQHUJ\GLVWULEXWLRQZLWKGLIIHUHQWGLVWDQFHEHWZHHQWZR&17VXVLQJDQDO\WLFDO
PRGHOIXOODWRPPROHFXODUG\QDPLFVVLPXODWLRQDQGWKHVHFRQG&*/-SRWHQWLDORI(TDQG/-
SRWHQWLDORI(TILWWLQJ
55 
 
)URP)LJZHILQGWKDWWKHILWWLQJUHVXOWVIURP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 /- SRWHQWLDO E\ FRPSDULVRQ ZLWK RXU DQDO\WLFDO DQG IXOO DWRP 0' UHVXOWV 7KH WZR
SDUDPHWHUVDQGıRIWKHWZR&*/-SRWHQWLDOVVWURQJO\GHSHQGRQWKHUDGLLRIWKHWZR&17VLQ
ZKLFKWKH(%/UKDVDOVRDODUJHHIIHFWRQ
7RGHWHUPLQHWKHWZRSDUDPHWHUVZHDVVXPH    DQG   IURPWRcDQGWKHQWKHWHQ
NLQGVRI    DQG   DQGWKHFRUUHVSRQGLQJıDQGıDUHREWDLQHGE\ILWWLQJWKHDQDO\WLFDO
UHVXOWVRI&17V7KH&*0'VLPXODWLRQVDUHSHUIRUPHGEDVHGRQWKHREWDLQHGSDUDPHWHUV
RIWKHWZRDQG/-SRWHQWLDOVDVVKRZQLQ)LJ7KHUHVXOWVDUHERWKDFFXUDWHZKHQ
WKH(%/ULVQRWPRUHWKDQcDQGWKHDFFXUDF\VKDUSO\GHFUHDVHVZLWKLQFUHDVLQJUU!c
$V U  c WKH PLQLPXP FRKHVLYH HQHUJ\ LV DOPRVW WZR WLPHV ORZHU WKDQ WKDW RI U c
7KHUHIRUH WKH(%/ U LV EHWWHU FKRVHQDVc WR UHGXFH WKH FRPSXWDWLRQDO FRVWV DQGNHHS WKH
DFFXUDF\
)URP WKH DERYH DQDO\VLV WKH FRQWLQXXP OLQHPRGHO LV HIIHFWLYH RQO\ DV UcZKLOH WKH
GLVFUHWHPRGHO%XHKOHUVKRXOGEHXVHGWRILWWKHDQDO\WLFDOUHVXOWVZKHQU!cLQZKLFK
WKH ILWWLQJ SURFHVV ZLOO EH PRUH GLIILFXOW DQG FRPSOLFDWHG ,W VKRXOG EH QRWHG WKDW WKH QRQ
VWDJJHUHGSRVLWLRQEHWZHHQWZR&*EHDGVLVRQO\FRQVLGHUHGKHUH

)LJ7KHFRKHVLYHHQHUJ\GLVWULEXWLRQZLWKGLIIHUHQWGLVWDQFHEHWZHHQWZR&17VXVLQJDQDO\WLFDOPRGHO
DQG&*0'VLPXODWLRQZLWKGLIIHUHQW/-SRWHQWLDOVIRUGLIIHUHQWUD&*/-SRWHQWLDOE&*/-SRWHQWLDO
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$VVKRZQLQ)LJVDDQGEZHILQGWKDWWKHYDOXHVRI    DQG   LQFUHDVHZLWKLQFUHDVLQJ
&17UDGLXVZKLOHıDQGıLQFUHDVHZLWKLQFUHDVLQJUDGLXVDQGWHQGVWRDFRQVWDQWIRU&*
 /- DQG  /- SRWHQWLDOV 7KH HTXLOLEULXP GLVWDQFH K EHWZHHQ WZR SDUDOOHO 6:&17V LV
SORWWHGLQ)LJF7KHYDOXHVRI&*/-SRWHQWLDOVDUHFORVHUWRWKHDQDO\WLFDOUHVXOWVWKDQ
WKRVHRI&*/-SRWHQWLDOV7RFRQYHQLHQWO\XVHWKH&*QRQERQGHGSRWHQWLDOVDOOWKHYDOXHV
RI    DQG   DQGıDQGıEHWZHHQWZRGLIIHUHQW6:&17VDUHVKRZQLQ7DEOH
DQG

)LJ7KHGLVWULEXWLRQRIİıDQGKZLWKGLIIHUHQWUDGLL&17VIRUWZRVDPHSDUDOOHO&17VXVLQJDQDO\WLFDO
PRGHOIXOODWRP0'VLPXODWLRQVDQGWZR/-SRWHQWLDOVILWWLQJDİDQGİEıDQGıFK

7DEOH7KHİYDOXHVRIWKH&*/-SRWHQWLDORI&*PRGHOIRUU cXQLW.FDOPRO
&17      
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  
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
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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&17 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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      

7DEOH7KHİYDOXHVRIWKH&*/-SRWHQWLDORI&*PRGHOIRUU cXQLW.FDOPRO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&17 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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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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
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
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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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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     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
7DEOH7KHıYDOXHVRIWKH&*/-SRWHQWLDORI&*PRGHOIRUU cXQLW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&17    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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
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1RWHWKDWRQHVKRXOGXVHWKHVHFRQGNLQGQRQERQGHG&*PRGHO&*PRGHOFDUHIXOO\)RU
WKUHHGLPHQVLRQDO &17 EXQGOHV WKH UHDO ER[ OHQJWK O
 VKRXOG EH HTXDO WR Oı
UUı DQG OıUUı LI WKH ER[ OHQJWK LV O DQG ODIWHU
PLQLPL]DWLRQXVLQJRXUWZR&*DQG/-SRWHQWLDOVUHVSHFWLYHO\,QWKHRWKHUZRUGVWKH
SUDFWLFDO GHQVLW\ LV >ıUUı@ DQG >ıUUı@
WLPHVRIWKDWIURPRXUVHFRQGWZR&*QRQERQGHGSRWHQWLDOVUHVSHFWLYHO\ZKLOHWKHWRWDOHQHUJ\
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LV VDPHZLWK WKDW IURP IXOO DWRP0'VLPXODWLRQDQGGRHVQ¶WQHHGPRGLILFDWLRQ$OWKRXJK WKH
DSSURSULDWHSRVWSURFHVVLQJVKRXOGEHIXUWKHUDFFRPSOLVKHGWKHWZR&*/-SRWHQWLDOVDUHKLJKO\
DFFXUDWHWRGHVFULEHWKHPHFKDQLFDOEHKDYLRUXQGHUODUJHGHIRUPDWLRQ
0HFKDQLFDOVWDELOLW\DQGDGKHVLRQRIWZRSDUDOOHO6:&17V
7RYDOLGDWHWKHSUHVHQW&*SRWHQWLDOVZHFRQVLGHUWKDWWZRSDUDOOHO6:&17VDUHPRYHG
WRZDUGHDFKRWKHULQZKLFKWKHHQGVRQWKHVDPHRQHVLGHRIWKHWZRSDUDOOHO&17VDUHIL[HGLQ
)LJ7KH<RXQJ¶VPRGXOXV( *3DDQGWKHEHQGLQJVWLIIQHVV(, î-PRIWKH
&17DUHREWDLQHGE\IXOODWRP0'FDOFXODWLRQVZLWK$,5(%2SRWHQWLDOWKHWKLFNQHVVWRI
WKH&17LVFKRVHQcKHUH VHH)LJVDDQGE LQZKLFKWKHSUHVHQW<RXQJ¶VPRGXOXV
DJUHHV ZHOO ZLWK WKH DYDLODEOH YDOXH  73D 6DQFKH]3RUWDO  DQG WKH SUHVHQW
EHQGLQJVWLIIQHVVLVYHU\FORVHWRWKHDYDLODEOHYDOXHî-P=KRXHWDO8WHQVLRQLV
WKHWRWDOHQHUJ\SHUXQLWYROXPHRIWKH&17DQGİLVWKHWHQVLOHVWUDLQLQ)LJD8EHQGLQJLVWKH
EHQGLQJHQHUJ\SHUXQLWOHQJWKDQGț LVWKHULQZKLFKU LVWKHFXUYDWXUHUDGLXVDQGWKH
&17OHQJWKLVHTXDOWRQPVLQFHWKHERXQGDU\HIIHFWFRXOGEHQHJOHFWHGLQ)LJE=KDR
HWDO=KDRHWDOD'HWDLOHG0'SURFHVVLVWKHVDPHZLWKSUHYLRXVZRUN&DRDQG
&KHQ=KDRHWDOE

)LJ7KHJHRPHWU\RIWZRVDPHSDUDOOHO6:&17V
59 
 

)LJ7KH<RXQJ¶VPRGXOXVDQGEHQGLQJVWLIIQHVVRI6:&17XVLQJIXOODWRP0'VLPXODWLRQV
,QRUGHU WRYDOLGDWH WKH HIIHFWLYLW\RISUHVHQW&*PRGHO VRPHDVVXPSWLRQV DUHSURSRVHG WR
VLPSOLI\WKHSUREOHP7KHWZR&17VDUHWDNHQDVWZRFDQWLOHYHUEHDPVDQGWKHVKHDU
GHIRUPDWLRQLVQHJOHFWHG7KHFORVHVWGLVWDQFHEHWZHHQWKHDGKHUHQWFRPSRQHQWVRIWKHWZR
&17V LV WDNHQDV ]HURRU D FRQVWDQWG ZKLFKGRHVQRW LQIOXHQFH WKH UHVXOWV 7KH UDGLL RI
&17VDQGWKHGLVSODFHPHQWEHWZHHQWKHWZR&17VDUHERWKIDUOHVVWKDQWKHOHQJWK/WKDWLVWR
VD\/ VOLQ)LJ7KHWRWDOHQHUJ\LVFRPSRVHGRIHODVWLFHQHUJ\DQGDGKHVLRQHQHUJ\
   7 &178 8 / VJ   
ZKHUH8&17DQGȖDUHHODVWLFHQHUJ\RI&17DQGELQGLQJHQHUJ\SHUXQLWOHQJWKUHVSHFWLYHO\
,QYLHZRIWKHHTXLOLEULXPRIV\VWHPWKHWRWDOHQHUJ\VKRXOGEHDPLQLPXPYDOXH7KHFULWLFDO
YDOXHRIVFDQEHREWDLQHGE\ 7G8
GV
 WKDWLVJLYHQ

 FULWLFDO (,KV J
§ · ¨ ¸© ¹

ZKHUH(DQG,DUHWKH<RXQJ¶VPRGXOXVDQGWKHPRPHQWRILQHUWLDOIRUWKHWZR&17VDQG(,LV
WKHEHQGLQJVWLIIQHVV
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
)LJ7KHGLVWULEXWLRQRIVFULWLFDOZLWKWKHGLVWDQFHKE\FRPSDULVRQZLWKRXUDQDO\WLFDOUHVXOWVIXOODWRP0'DQG
WZR&*0'FDOFXODWLRQV
)LJVKRZVWKHGLVWULEXWLRQRIVFULWLFDOZLWKWKHGLVWDQFHKE\FRPSDULVRQZLWKRXUDQDO\WLFDO
UHVXOWV IXOO DWRP0' DQG &*0' FDOFXODWLRQV 7KH SDUDPHWHUV RI WKH WZR &* QRQERQGHG
SRWHQWLDOV IRU WZR  &17V DUH XVHG LQ )LJ  LQ ZKLFK WKH QRQERQGHG SRWHQWLDO
SDUDPHWHUVRI&*PRGHOLVFKRVHQIURP7DEOHDQG7DEOHDQGWKHQRQERQGHGSRWHQWLDO
SDUDPHWHUVRI&*PRGHOLVFKRVHQIURP7DEOHDQG7DEOH7KHKDUPRQLFSRWHQWLDOV.FJE
 .FDOPROcDQG.FJș .FDOPROFDQEHHDVLO\REWDLQHGIURP(TDQG(T
EDVHGRQIXOODWRP0'UHVXOWV6LQFHWKHWRUVLRQHIIHFWLVYHU\VPDOOLQWKLVH[DPSOHZHQHJOHFW
WKHWRUVLRQSRWHQWLDOKHUH&UDQIRUGDQG%XHKOHU
7KHSUHVHQWIXOODWRP0'UHVXOWVDQGWKH&*0'UHVXOWVZLWK&*PRGHODUHERWKLQJRRG
DJUHHPHQW ZLWK WKRVH RI DQDO\WLFDO UHVXOWV ZKLOH DOO WKH YDOXHV RI VFULWLFDO E\ WKH &* PRGHO
FDOFXODWLRQVDUHDOZD\VKLJKHU WKDQ WKHSUHVHQWDQDO\WLFDO UHVXOWV)URP)LJ ZHNQRZWKDW
WKHDWWUDFWLYHIRUFHϷ׋FLUFOHϷKRIWKHQRQERQGHGSRWHQWLDOVLQ&*PRGHOLVDOZD\VKLJKHUWKDQ
WKDWRIWKHIXOODWRP0'UHVXOWVDQGDQDO\WLFDOUHVXOWVDOWKRXJKDOOȖRIWKHPDUHWKHVDPHZKLFK
OHDGVWR WKHORZHUVFULWLFDO LQ WKHIXOODWRP0'UHVXOWV&*PRGHODQGDQDO\WLFDOUHVXOWV IRU WKH
VDPHKZKLOHWKHKLJKHUVFULWLFDOLQWKH&*PRGHO
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)URP DERYH DQDO\VLV WKH SUHVHQW &* PRGHO LV PRUH HIIHFWLYH WR DSSO\ WR GHVFULEH WKH
DGKHVLRQEHKDYLRURIWZR&17VZKLFKVKRXOGEHDOVRXVHGWRGHVFULEHWKHPHFKDQLFDOEHKDYLRU
RIWKH&17EXQGOHVDQGQHWZRUNV
)UHHYLEUDWLRQVRIWZRSDUDOOHO6:&17VDIWHUWHQVLRQEHQGLQJDQGPRYLQJ
7RIXUWKHUYDOLGDWHWKHSUHVHQW&*SRWHQWLDOVZHVWXG\WKHIUHHYLEUDWLRQVRIWZRSDUDOOHO
6:&17V DIWHU WHQVLRQ EHQGLQJ DQG PRYLQJ XVLQJ IXOO DWRP 0' DQG &* 0' VLPXODWLRQV
UHVSHFWLYHO\ 7KH DERYH KDUPRQLF SRWHQWLDOV.FJE  .FDOPROc.FJș .FDOPRO
DQG  /- SRWHQWLDO İ  .FDOPRO DQG ı  VHH 7DEOHV  DQG  DUH RQO\
DGRSWHG LQ RXU &*0' VLPXODWLRQV VLQFH WKH WRUVLRQ DQJOH LV RQO\ ZHDNO\ FRXSOHG WR RWKHU
LQGHSHQGHQWYDULDEOHVWKURXJKWKHWRUVLRQVWUHWFKLQJFRXSOLQJWHUP=KLJLOHLHWDO
)UHHWHQVLRQYLEUDWLRQ
7ZRSDUDOOHO c ORQJ &17V DUH DGRSWHG WR VWXG\ WKH IUHH WHQVLRQYLEUDWLRQ LQ)LJ
LQZKLFKFDUERQDWRPVDUHLQFOXGHGLQWKHWZR&17V$IWHUWKHHQHUJ\PLQLPL]DWLRQ
RIWKHWZRSDUDOOHO&17VWKHYLEUDWLRQLVJHQHUDWHGE\FUHDWLQJDORFDOVWUDLQRIEHJLQQLQJRI
WKHVLPXODWLRQVDQGDOORZLQJWKHOHIWHQGcORQJSDUWRIWKHV\VWHPVWRHYROYHIUHHO\DWODWHU
WLPHZKLOHWKHULJKWHQGcORQJSDUWLVIL[HG7ZRVDPHORQJ&*PRGHOVDUHXVHGWRGRWKH
VDPHVLPXODWLRQLQZKLFKRQO\&*EHDGVDUHFRQWDLQHGLQWKH&*PRGHOV)URP)LJD
DQG)LJE WKHYLEUDWLRQIUHTXHQF\RIWKHSRWHQWLDOHQHUJ\DQGNLQHWLFHQHUJ\E\IXOODWRP
0' VLPXODWLRQV LV LQ JRRG DJUHHPHQWV ZLWK WKDW E\ &* 0' VLPXODWLRQV WKH &* DYHUDJH
IUHTXHQF\ LV  7+] DQG WKH IXOO DWRP DYHUDJH IUHTXHQF\ LV  7+] DQG WKH GLIIHUHQFH
LQFUHDVHVZLWK LQFUHDVLQJ WLPH7KHPD[LPXPUHODWLYHHUURU LV OHVV WKDQDV WSVDQG OHVV
WKDQDVWSV7KHSUREDEOHUHDVRQLVWKDWWKHRWKHUGLIIHUHQWPRGDOPRUHDWRPVRUEHDGV
UHVXOW LQPRUH IUHHGRPVFRXOGEHVWLPXODWHGZLWK LQFUHDVLQJ WLPHLQ WKH WZR0'VLPXODWLRQV
ZKLFKOHDGVWR WKHLQFUHDVLQJGLIIHUHQFH7KHLQVHWV LQ)LJDDQG)LJEUHSUHVHQWV WKH
SRWHQWLDOHQHUJ\SHUDWRPDQGNLQHWLFHQHUJ\SHUDWRPDWW SV7KHWLPHLVDWWKHILUVWSHDN
SRLQWRIWKHNLQHWLFHQHUJ\RUWKHILUVWYDOOH\SRLQWRIWKHSRWHQWLDOHQHUJ\
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
)LJ7LPHGHSHQGHQFHRIWKHSRWHQWLDOHQHUJ\DQGNLQHWLFHQHUJ\RIWZRSDUDOOHO&17VLQIXOODWRP0'
DQG&*0'VLPXODWLRQVXQGHUWHQVLRQDSRWHQWLDOHQHUJ\GLVWULEXWLRQZLWKWLPHENLQHWLFHQHUJ\GLVWULEXWLRQ
ZLWKWLPH
)UHHEHQGLQJYLEUDWLRQ
7KH DERYH WZR SDUDOOHO c ORQJ &17V DUH DOVR DGRSWHG WR VWXG\ WKH IUHH EHQGLQJ
YLEUDWLRQLQ)LJ$IWHUWKHHQHUJ\PLQLPL]DWLRQRIWKHWZRSDUDOOHO&17VWKHYLEUDWLRQLV
JHQHUDWHGE\FUHDWLQJDORFDOEHQGLQJVWUDLQRIț cEHJLQQLQJRIWKHVLPXODWLRQVDQG
DOORZLQJ WKH WZR HQGV OHIW DQG ULJKW HQGV RI WKH V\VWHPV WR HYROYH IUHHO\ DW ODWHU WLPH7ZR
VDPHORQJ&*PRGHOVDUHXVHGWRGRWKHVDPHVLPXODWLRQ)URP)LJDDQG)LJEWKH
YLEUDWLRQIUHTXHQF\RI WKHSRWHQWLDOHQHUJ\DQGNLQHWLFHQHUJ\E\ IXOODWRP0'VLPXODWLRQV LV
UHDVRQDEOHZLWKWKDWE\&*0'VLPXODWLRQVWKH&*DYHUDJHIUHTXHQF\LV7+]DQGWKHIXOO
DWRPDYHUDJH IUHTXHQF\ LV 7+] DQG WKHPD[LPXP UHODWLYH HUURU LV OHVV WKDQ7KH
UHDVRQRIWKHGLIIHUHQFHLVWKHVDPHZLWKVHFWLRQ7KHLQVHWVLQ)LJDDQG)LJE
UHSUHVHQWVWKHSRWHQWLDOHQHUJ\SHUDWRPDQGNLQHWLFHQHUJ\SHUDWRPDWW SV7KHWLPHLVDW
WKHILUVWSHDNSRLQWRI WKHNLQHWLFHQHUJ\RUWKHILUVWYDOOH\SRLQWRI WKHSRWHQWLDOHQHUJ\LQIXOO
DWRP0'VLPXODWLRQV
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
)LJ7LPHGHSHQGHQFHRIWKHSRWHQWLDOHQHUJ\DQGNLQHWLFHQHUJ\RIWZRSDUDOOHO&17VLQIXOODWRP0'
DQG&*0'VLPXODWLRQVDIWHUEHQGLQJDSRWHQWLDOHQHUJ\GLVWULEXWLRQZLWKWLPHENLQHWLFHQHUJ\GLVWULEXWLRQ
ZLWKWLPH
)UHHYLEUDWLRQDIWHUPRYLQJDPLGGOHSDUWRIRQH&17EHWZHHQWZRSDUDOOHO&17V
7KHDERYHWZRSDUDOOHOcORQJ&17VDUHDGRSWHGWRIXUWKHUVWXG\WKHIUHHYLEUDWLRQ
DIWHUPRYLQJDPLGGOHSDUWRIRQH&17EHWZHHQWZRSDUDOOHO&17VVHH)LJ)LUVWWKHWZR
SDUDOOHO&17VDUHIL[HGDJLYHQGLVWDQFHDQGWKHZKROHORZHU&17LVFRPSOHWHO\IL[HGDQGWKHQ
WKH WRWDO HQHUJ\ RI WKH WZR SDUDOOHO &17V LV PLQLPL]HG E\ FRQMXJDWHJUDGLHQW DOJRULWKP
$IWHUZDUGVWKHOHIWDQGULJKWcORQJHQGVRIWKHXSSHU&17DUHIL[HGDQGWKHPLGGOHcSDUW
RIWKHXSSHU&17LVPRYHGcDORQJXSSHUGLUHFWLRQLQZKLFKWKHPLGGOHSDUWPRYHc
DWHDFKWLPHVWHSWLPHVWHSLVFKRVHQDVIVKHUHEDVHGRQWKHGLVSODFHPHQWFRQWUROPHWKRG
WKH VWUXFWXUH LV RSWLPL]HG IRU HDFK GLVSODFHPHQW LQFUHPHQW =KDR HW DO E )LQDOO\ WKH
YLEUDWLRQLVJHQHUDWHGE\DOORZLQJWKHPLGGOHSDUWRIWKHXSSHU&17WRHYROYHIUHHO\DWODWHUWLPH
ZKLOHWKHWZROHIWDQGULJKWHQGVRIWKHXSSHU&17LVDOZD\VIL[HGDQGWKHZKROHORZHU&17LV
DOZD\VIL[HG7ZRVDPHORQJ&*PRGHOVDUHXVHGWRGRWKHVDPHVLPXODWLRQLQZKLFKRQO\
&* EHDGV DUH FRQWDLQHG LQ WKH&*PRGHOV DQG RQO\ RQH&* EHDG RQ WKH XSSHU&* FKDLQ LV
WRWDOO\PRYHG c )URP )LJ  WKH YLEUDWLRQ IUHTXHQF\ E\ IXOO DWRP0' VLPXODWLRQV
DJUHHVYHU\ZHOOZLWKWKRVHE\&*0'VLPXODWLRQVZKHQWKHGLVWDQFHEHWZHHQWKHWZR&17VLV
WKHHTXLOLEULXPGLVWDQFHK)URP)LJF&*0'K cDQGIXOODWRP0'K c
RULVKLJKHUWKDQcZKLOHWKHGLIIHUHQFHRIWKHIUHTXHQF\EHWZHHQWKHWZR0'VLPXODWLRQVLV
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KLJKLQWKHUDQJHRIKKcVHH)LJ)URPWKHLQVHWLQ)LJZHFDQILQGWKDWVRPH
PLGGOHSDUWRIWKHXSSHU&17LVDGKHUHQWZLWKWKHORZHU&17DVK cEHIRUHWKHYLEUDWLRQLV
JHQHUDWHG7KHSKHQRPHQRQFDQEHH[SODLQHGIURPVHFWLRQDQGWKHV\VWHPLVPRUHVWDEOHLQ
WKLVDGKHUHQWFRQGLWLRQ7KHIUHTXHQF\LVKLJKO\DIIHFWHGE\ WKHEHQGLQJVWUXFWXUHVHHLQVHWRI
)LJZKLFKKDVDODUJHGHIRUPDWLRQVRWKHGLIIHUHQFHRIWKHIUHTXHQF\EHWZHHQWKHWZR0'
VLPXODWLRQV VKRXOGEHKLJKHU WKDQ WKDW LQK K:LWK LQFUHDVLQJK K LV KLJKHU WKDQc WKH
FRKHVLYHIRUFHHIIHFWVKDUSO\GHFUHDVHVDQGWKHGLIIHUHQFHRIWKHIUHTXHQF\VKRXOGDOVRGHFUHDVH

)LJ7KHYLEUDWLRQDIWHUPRYLQJDPLGGOHSDUWRIRQH&17EHWZHHQWZRSDUDOOHO&17VEHWZHHQWZR
SDUDOOHO&17VE\IXOODWRP0'DQG&*0'VLPXODWLRQV7KHLQVHWUHSUHVHQWVWKHNLQHWLFHQHUJ\GLVWULEXWLRQ
IRUGLIIHUHQWGLVWDQFHEHWZHHQWKHWZR&17V
$OOWKHIUHHYLEUDWLRQLQVHFWLRQYDOLGDWHVWKDWWKHSUHVHQW&*SRWHQWLDOVDUHHIIHFWLYHWR
GHVFULEHWKHG\QDPLFVEHKDYLRURI&17EXQGOHV
7KHPHFKDQLFDOEHKDYLRURI&17EXQGOHV
,QWKLVVHFWLRQZHVWXG\WKHPHFKDQLFDOEHKDYLRURI&17EXQGOHVXQGHUWHQVLRQDQGDOO
WKH SRWHQWLDOV DUH WKH VDPHZLWK WKRVH LQ VHFWLRQ  )LUVW ZH FDOFXODWH WKH GLVWULEXWLRQ RI
SRWHQWLDO HQHUJ\ZLWK WHQVLOH VWUDLQ DQG EHQGLQJ DQJOH IRU RQH DQG WZR  &17V XVLQJ IXOO
DWRP0'DQG&*0'VLPXODWLRQVLQ)LJ)URP)LJDWKHGLIIHUHQFHRIWKHSRWHQWLDO
HQHUJ\XVLQJ WKH WZR0'PHWKRGV LVYHU\VPDOOZKHQ WHQVLOHVWUDLQ LV OHVV WKDQZKLOHWKH
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GLIIHUHQFHLQFUHDVHVZLWKLQFUHDVLQJWHQVLOHVWUDLQ7KHUHDVRQLVWKDWWKH<RXQJ¶VPRGXOXVRIWKH
&17 LV REWDLQHGE\ ILWWLQJSRWHQWLDOWHQVLOH VWUDLQ FXUYH LQ WKH UDQJHRI VHH)LJ D
:LWKWKHLQFUHDVHRIWKHWHQVLOHVWUDLQWKHQRQOLQHDUEHKDYLRURIIXOODWRP0'UHVXOWVVKRXOGEH
RFFXUUHG ZKLFK OHDGV WR WKH LQFUHDVLQJ GLIIHUHQFHZLWK &*0' UHVXOWV 6HFRQG WKH EHQGLQJ
EHKDYLRURIRQHDQGWZR&17VXVLQJWKHWZR0'FDOFXODWLRQVLVSORWWHGLQ)LJE7KH
GLIIHUHQFHLVDOVRVPDOODQGVLPLODUZLWKWKHGLIIHUHQFHEHWZHHQWKHILWWLQJUHVXOWVDQGIXOODWRP
0'UHVXOWVLQ)LJE

)LJ7KHGLVWULEXWLRQRIWKHSRWHQWLDOHQHUJ\ZLWKWHQVLOHVWUDLQDQGEHQGLQJDQJOHIRURQHDQGWZRSDUDOOHO
6:&17XVLQJIXOODWRP0'DQG&*0'VLPXODWLRQVDXQGHUWHQVLRQEXQGHUEHQGLQJ
7RVKRZWKHDGYDQWDJHRIWKHSUHVHQW&*PRGHOZHVWXG\WKHPHFKDQLFDOEHKDYLRURIPRUH
&17EXQGOHVXQGHUWHQVLRQLQ)LJ)LJDVKRZVWKHGLVWULEXWLRQRIWKHSRWHQWLDOHQHUJ\
ZLWKWHQVLOHVWUDLQIRUQ DQGQ XVLQJIXOODWRP0'DQG&*0'FDOFXODWLRQV7KHGLIIHUHQW
EHWZHHQWKHWZR0'PHWKRGVLVVWLOOVPDOO LQVPDOOGHIRUPDWLRQZKLOHWKH&*EHDGVDUHRQO\
DERXW  WLPHV RI IXOO FDUERQ DWRPV )LJ E VKRZV WKHPHFKDQLFDO EHKDYLRU RI GLIIHUHQW
&17EXQGOHVXVLQJ&*0'VLPXODWLRQV7KH&*EHDGVRIQ DUHRQO\  LQ)LJ E
ZKLOH WKH VDPH EXQGOHV RI IXOO DWRP PRGHO DUH DERXW  FDUERQ DWRPV 7KHUHIRUH WKH
FRPSXWDWLRQDO FRVW XVLQJ&*PRGHO LV OHVV WKDQ  WLPHV RI IXOO DWRPPRGHO1RWH WKDW WKH
FRPSDULVRQ LV MXVW IRU &17EXQGOHV )RU ODUJH GLDPHWHU&17 WKH FRPSXWDWLRQDO FRVW LV
PXFKOHVVWKDQZKLFKFDQEHJLYHQE\WKHIXQFWLRQʌUUȡJH
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
)LJ7KHGLVWULEXWLRQRIWKHSRWHQWLDOHQHUJ\ZLWKWHQVLOHVWUDLQIRU&17EXQGOHVXVLQJIXOODWRP0'DQG
&*0'VLPXODWLRQVDQ DQGQ XVLQJIXOODWRP0'DQG&*0'VLPXODWLRQVEQ Q Q DQGQ 
XVLQJ&*0'VLPXODWLRQV
,WVKRXOGEHQRWHGWKDW WKHQHJDWLYHSRWHQWLDOHQHUJ\LVRFFXUUHGVRPHZKHUHIRUVPDOOVWUDLQDV
Q   DQG LQ )LJ E7R IXUWKHU DQDO\]H WKH UHDVRQZHSORW WKH SRWHQWLDO HQHUJ\SHU
DWRPRIGLIIHUHQW&17EXQGOHVXQGHUWHQVLRQLQ)LJU c7KHVWUDLQ UHSUHVHQWVWKH
VWUXFWXUHVDIWHUHQHUJ\PLQLPL]DWLRQEHIRUHGHIRUPDWLRQ7KHVWUXFWXUHVRIQ DQGDIWHU
HQHUJ\ PLQLPL]DWLRQ DOZD\V NHHS SDUDOOHO DOWKRXJK WKH VWUXFWXUHV DUH DOO DW WKH ORFDO HQHUJ\
PLQLPL]DWLRQZKLOHWKH&*OLQHDUFKDLQVDUHDOOVWDJJHUHGDPRQJHDFKRWKHUDVQ ,WPHDQV
WKDWWKHLQLWLDOVWUXFWXUHVRIVWUDLQ DWQ DQGDUHQRWVWDEOH8QGHUVPDOOWHQVLOHVWUDLQ
WKH&*OLQHDUFKDLQVWHQGWRVWDJJHUDPRQJHDFKRWKHULQDGYDQFHVRWKDWWKHVWUXFWXUHVEHFRPH
PRVWVWDEOHLQRWKHUZRUGVWKHPLQLPXPHQHUJ\SRVLWLRQZKLFKOHDGVWRWKHQHJDWLYHSRWHQWLDO
HQHUJ\LQWKHUDQJHRIWKHVWUDLQ

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
)LJ7KHGLVWULEXWLRQRIWKHSRWHQWLDOHQHUJ\SHUDWRPZLWKWHQVLOHVWUDLQIRU&17EXQGOHVXVLQJ&*0'
VLPXODWLRQVU c
7R VKRZ WKH GLIIHUHQFH EHWZHHQ WKH WZR SRVLWLRQV )LJ  VKRZV WKH FRKHVLYH HQHUJ\
GLVWULEXWLRQZLWKGLVWDQFHEHWZHHQWZRSDUDOOHO&17VXVLQJDQDO\WLFDOPRGHODQG&*0'
VLPXODWLRQVIRUGLIIHUHQWUDQGWZRSRVLWLRQV)RUU cWKHPLQLPXPFRKHVLYHHQHUJ\DQGWKH
HTXLOLEULXPGLVWDQFHK DW WKH VWDJJHUHGSRVLWLRQDUH DERXW WZR WLPHV DQG WLPH ORZHU WKDQ
WKRVH DW WKH QRQVWDJJHUHG SRVLWLRQ UHVSHFWLYHO\ 7KH GLIIHUHQFH EHWZHHQ WKH WZR SRVLWLRQV
GHFUHDVHVZLWKGHFUHDVLQJ U$V U c WKHFRKHVLYH HQHUJ\ DQGHTXLOLEULXPGLVWDQFH DOPRVW
GRQ¶W FKDQJH ZLWK WKH WZR SRVLWLRQV 7KHUHIRUH U  c KDYH WR EH DGRSWHG VR WKDW WKH YG:
LQWHUDFWLRQV GRHVQ¶W FKDQJH ZLWK WKH SRVLWLRQV ,Q WKH RWKHU KDQG DOO WKH SDUDPHWHUV RI WKH
KDUPRQLFSRWHQWLDOVKDYH WREHPRGLILHG LIU c LQ WKLVSDSHU'HWDLOHGPRGLILFDWLRQVRI WKH
SDUDPHWHUVFDQEHVHHQLQWKHGLVFXVVLRQRIVHFWLRQ
68 
 

)LJ7KHFRKHVLYHHQHUJ\GLVWULEXWLRQZLWKGLIIHUHQWGLVWDQFHEHWZHHQWZR&17VXVLQJDQDO\WLFDOPRGHO
DQG&*0'VLPXODWLRQZLWKGLIIHUHQW/-SRWHQWLDOVIRUGLIIHUHQWUDQGWZRSRVLWLRQVDOOXQLWVRIUDUHcD&*
/-SRWHQWLDOE&*/-SRWHQWLDO

)LJ7KHFRKHVLYHHQHUJ\GLVWULEXWLRQZLWKGLIIHUHQWGLVWDQFHEHWZHHQWZR&17VXVLQJDQDO\WLFDOPRGHO
DQG&*0'VLPXODWLRQZLWKGLIIHUHQW/-SRWHQWLDOVIRUGLIIHUHQWUDQGWZRSRVLWLRQVD&*/-SRWHQWLDOE
&*/-SRWHQWLDO
7R FRPSDUH WKH GLIIHUHQFH RIPHFKDQLFDO EHKDYLRU EHWZHHQ U c DQG U cZH IXUWKHU
FDOFXODWH WKHPHFKDQLFDO EHKDYLRU XQGHU WHQVLRQ IRU GLIIHUHQW&17EXQGOHV XVLQJ WKH&*0'
PRGHOLQ)LJ7KHKDUPRQLFSRWHQWLDOVRI&17IRUWKH&*PRGHOZLWKU cVKRXOG
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EHJLYHQDV.FJE .FDOPROc.FJș .FDOPRODQG/-SRWHQWLDOİ 
.FDOPRO DQG ı  c 7KH SUHGLFWHG UHVXOWV LQ )LJ  DUH REWDLQHG E\ 8WHQVLRQ 
8WHQVLRQRQH&17îQZKHUH  
 
WHQVLRQ
8 RQH&17 ($H H  -PDQG(DQG$DUHWKH
<RXQJ¶VPRGXOXVDQGWKHFURVVVHFWLRQDUHDRIWKH&17VHHVHFWLRQ:HILQGWKDWWKH&*
PRGHOZLWK U c DJUHHVZHOOZLWK WKH SUHGLFWHG UHVXOWV DQG QR QHJDWLYH SRWHQWLDO HQHUJ\ LV
RFFXUUHGLQWKHWHQVLOHSURFHVV)XUWKHUPRUHWKHHTXLOLEULXPGLVWDQFHKDWVWDJJHUHGSRVLWLRQLV
DOZD\VOHVVWKDQWKDWDWQRQVWDJJHUHGSRVLWLRQKDVU!cLQ)LJDQG)LJEZKLFK
UHVXOWV LQ WKH ODUJHGLIIHUHQFHRI WKHFURVVVHFWLRQDUHDRI WKH&17EXQGOHV7KDW LV WRVD\ WKH
LQFRUUHFW<RXQJ¶VPRGXOLRIWKH&17EXQGOHVDUHREWDLQHGIRUODUJHU6LQFHWKHWZRVWDJJHUHG
DQGQRQVWDJJHUHGSRVLWLRQVDVU cGRHVQ¶WFKDQJHWKHFRKHVLYHHQHUJ\DQGWKHHTXLOLEULXP
GLVWDQFHVHH)LJWKH&*EHDGVGRQ¶WQHHGDGMXVWWKHLUSRVLWLRQVXQGHUWHQVLRQ7KHUHIRUH
QRQHJDWLYHHQHUJ\DVU cLVRFFXUUHGLQ)LJ7RIXUWKHUVKRZWKHGHWDLOHGSURFHVV)LJ
VKRZVWKHSRWHQWLDOHQHUJ\SHUDWRPRIGLIIHUHQW&17EXQGOHVXQGHUWHQVLRQXVLQJ&*0'
VLPXODWLRQU c7KHVWUXFWXUHVDOZD\VNHHSFRQVLVWHQF\XQGHUWHQVLRQDQGWKHGLVWULEXWLRQRI
WKHHQHUJ\LVYHU\XQLIRUPDORQJWKHOHQJWKRIWKH&17VZKLOHWKHQRQXQLIRUPGLVWULEXWLRQRI
WKH HQHUJ\ FDQ EH FOHDUO\ VHHQ LQ )LJ  7KH SRWHQWLDO HQHUJ\ DQG FURVV VHFWLRQ DUHD RQO\
VOLJKWO\ FKDQJH IRUU cDW WKH WZRVWDJJHUHGDQGQRQVWDJJHUHGSRVLWLRQV VHHQ  LQ)LJ

7KHUHIRUH LW VKRXOG EH QRWHG WKDW PRVW DFFXUDWH PHFKDQLFDO SURSHUWLHV RI &17 EXQGOHV
HVSHFLDOO\IRUODUJHQFDQEHREWDLQHGLIU cLVXVHGLQWKH&*PRGHO
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
)LJ7KHGLVWULEXWLRQRIWKHSRWHQWLDOHQHUJ\SHUDWRPZLWKWHQVLOHVWUDLQIRU&17EXQGOHVXVLQJ&*0'
VLPXODWLRQVU c
7KHQRQERQGHGSRWHQWLDOVIRUWZRFURVVLQJ6:&17VDQGWKHLUDSSOLFDWLRQV
7KHQRQERQGHGSRWHQWLDOVIRUWZRFURVVLQJ6:&17V
)URP DERYH VHFWLRQV WKH QRQERQGHG &* SRWHQWLDOV DUH GHYHORSHG E\ ILWWLQJ WKH FRKHVLYH
HQHUJ\EHWZHHQWZRSDUDOOHO6:&17VLQZKLFKDOOKDUPRQLFSRWHQWLDOVDUHREWDLQHGDQGXVHGWR
VWXG\WKHGLIIHUHQWPHFKDQLFDOEHKDYLRURIWKH&17EXQGOHV
,QRUGHUWRFOHDUO\XQGHUVWDQGWKHPHFKDQLFDOEHKDYLRURIWKH&17EXFN\SDSHUDQGQHWZRUNV
LWLVQHFHVVDU\DQGLPSRUWDQWWRJLYHWKHQRQERQGHG&*SRWHQWLDOVEHWZHHQWZRFURVVLQJ&17V
7KLV VHFWLRQZLOO VWXG\ ZKHWKHU WKH REWDLQHG QRQERQGHG &* SRWHQWLDOV EHWZHHQ WZR SDUDOOHO
&17VDUHDOVRHIIHFWLYHEHWZHHQWZRFURVVLQJ&17VRUQRW
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&RKHVLYHHQHUJ\EHWZHHQWZRFURVVLQJ6:&17V
7KHF\OLQGULFDOFRRUGLQDWHVUș]DQGWKH&DUWHVLDQFRRUGLQDWHV[\]DUHERWKXVHGRQ
WKHXSSHU&17ZKHUH]LVWKHFHQWUDOD[LVRIWKH&17LQ)LJ
7KHWRWDOFRKHVLYHHQHUJ\RQWKHWZRQDQRWXEHVGXHWRWKHYG:VIRUFHFDQEHZULWWHQDV=KDR
HWDOD
             
  
VLQ  WRWDO G G
$ % 6 $%7UU G G
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§ ·  ¨ ¸© ¹³ ³ 
ZKHUHDOOSDUDPHWHUVFDQEHVHHQLQ(TRIFKDSWHU
7R YDOLGDWH WKH DQDO\WLFDO UHVXOWV IURP (T  WKH GLVWULEXWLRQ RI WKH DQDO\WLFDO FRKHVLYH
HQHUJ\ZLWK GLVWDQFH E\(T  IRU GLIIHUHQW WZR FURVVLQJ&17V LV SORWWHG LQ)LJ 7KH
DQDO\WLFDOUHVXOWVDUHLQH[FHOOHQWDJUHHPHQWZLWKWKHIXOODWRP0'UHVXOWVGHWDLOHGSURFHVVFDQ
EHVHHQLQRXUSUHYLRXVZRUN=KDRHWDODWKH/-FXWRIIUDGLXVLVFKRVHQcZKLFKLV
DQHQRXJKGLVWDQFHWRJHWDFFXUDWHUHVXOWV,WYDOLGDWHVWKHDFFXUDF\RIWKHFRQWLQXXPPRGHORI
(TLQWKHGHVFULSWLRQRIWKHFRKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHO&17V

)LJ7KHGLVWULEXWLRQRIFRKHVLYHHQHUJ\ZLWKGLIIHUHQWGLVWDQFHEHWZHHQWZRFURVVLQJ6:&17Vȕ 
XVLQJSUHVHQWDQDO\WLFDOPRGHODQGIXOODWRPPROHFXODUG\QDPLFVVLPXODWLRQV
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,W VKRXOGEHQRWHG WKDW WKHXQLW -RI WKHWRWDOHQHUJ\ LQ(T  LV IRU WZRFURVVLQJ&17V
ZKLOHWKHXQLW-PRIWKHHQHUJ\SHUOHQJWKLQ(TLVIRUWZRSDUDOOHO&17V
&RDUVHJUDLQHGQRQERQGHGSRWHQWLDOVEHWZHHQWZRFURVVLQJ6:&17V
6LPLODUZLWKVHFWLRQ WKHQRQERQGHG&*SRWHQWLDOV IRU WZRFURVVLQJ&17VFDQEHILWWHG
WKHFRKHVLYHHQHUJ\IXQFWLRQRIWZRFURVVLQJOLQHV)RUWZRFURVVLQJOLQHVLQ)LJWKHWRWDO
FRKHVLYHHQHUJ\EHWZHHQWKHWZRFURVVLQJOLQHVFDQEHREWDLQHGE\
  VFURV OLQHV O G[ 9 U GOI U f f f f ³ ³ ȕʌ
ZKHUH      FRV VLQU O [ K OE E    DQGȕLVWKHFURVVLQJDQJOHLQ)LJ


)LJ7KHFRRUGLQDWHV\VWHPDQGDVFKHPDWLFGLDJUDPRIWKHWZRLQILQLWHFURVVLQJOLQHVDWZRSDUDOOHOOLQHVE
WZRFURVVLQJOLQHV
,IYG:LQWHUDFWLRQEHWZHHQWZR&*EHDGVLVWKHIXQFWLRQRI/-SRWHQWLDOWKHQWKHWRWDO
FRKHVLYHHQHUJ\FDQEHJLYHQE\VXEVWLWXWLQJ(TLQWR(T
            
       
VLQ     FURVV O K K
S SI U V VE   
§ ·§ ·    ¨ ¸¨ ¸© ¹© ¹ 
,I YG: LQWHUDFWLRQ EHWZHHQ WZR &* EHDGV LV WKH IXQFWLRQ RI  /- SRWHQWLDO WKHQ WKH WRWDO
FRKHVLYHHQHUJ\FDQEHJLYHQE\VXEVWLWXWLQJ(TLQWR(T
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§ ·  ¨ ¸© ¹ 
)URP WKH HQHUJ\ PLQLPXP FRQGLWLRQ   FJ
K
I w  w DQG
  FJ
K
I w  w  WKH HTXLOLEULXP GLVWDQFH K
EHWZHHQWKHWZRFURVVLQJOLQHVFDQEHJLYHQDVK ıDQGK ıUHVSHFWLYHO\,IZHXVHWKH
VDPHHTXLOLEULXP&*PRGHOLQ)LJVHHVHFWLRQWRILWWKHPLQLPXPFRKHVLYHHQHUJ\
RI(TWKHQWKHYDOXHKRI(TDQG(TVKRXOGEHUHSODFHGE\K
VHH)LJDQG
)LJ  6LPLODUZLWK )LJ  WKH GLVWULEXWLRQ RI WKH FRKHVLYH HQHUJ\ EHWZHHQ WZR FURVVLQJ
&17VXVLQJDQDO\WLFDOPRGHOIXOODWRP0'DQG&*0'VLPXODWLRQVLVSORWWHGLQ)LJ
 ,W VKRXOG EH QRWHG WKDW U  c DW QRQVWDJJHUHG SRVLWLRQ RI WKH WZR &* EHDGV DUH
FRQVLGHUHGLQWKH&*0'VLPXODWLRQVRI)LJ:HFDQILQGWKDWERWKDERYH&*DQG
/-PRGHOVDUHRQO\HIIHFWLYHDWWKHGLVWDQFHZKLFKLVFORVHWRWKHHTXLOLEULXPGLVWDQFH

)LJ7KHGLVWULEXWLRQRIWKHFRKHVLYHHQHUJ\EHWZHHQWZRFURVVLQJ&17Vȕ XVLQJDQDO\WLFDO
PRGHOIXOODWRP0'DQG&*0'VLPXODWLRQV
7R FRQYHQLHQWO\ XVH WKH QRQERQGHG&*SRWHQWLDOV DOO WKH YDOXHV RIPLQLPXPRI׋WRWDOK

   DQG   ıDQGıEHWZHHQWZRGLIIHUHQWFURVVLQJ6:&17VDUHVKRZQLQ7DEOHV
DQG7KHYDOXHVRIFRUUHVSRQGLQJıDQGıDUHWKHVDPHZLWKK
LQ7DEOH
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UHVXOWVIURP(TDQG(T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DUHDOVREHWWHUWKDQWKRVHIURP/-SRWHQWLDOE\FRPSDULVRQZLWKRXUDQDO\WLFDODQGIXOODWRP
0'UHVXOWV
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&17Vȕ XVLQJDQDO\WLFDO
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DQG/-SRWHQWLDORI(TILWWLQJ
7R FRQYHQLHQWO\ XVH WKH &* QRQERQGHG SRWHQWLDOV DOO WKH YDOXHV RI PLQLPXP RI K
   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7RVKRZ WKHGLIIHUHQFHEHWZHHQ WKH WZRSRVLWLRQV VWDJJHUHGDQGQRQVWDJJHUHGRI WKH WZR
&*EHDGV)LJVKRZVWKHFRKHVLYHHQHUJ\GLVWULEXWLRQZLWKGLVWDQFHEHWZHHQWZRSDUDOOHO
 &17V XVLQJ DQDO\WLFDO PRGHO DQG &*0' VLPXODWLRQV IRU GLIIHUHQW U DQG WKHLU WZR
SRVLWLRQV)RUU cWKHPLQLPXPFRKHVLYHHQHUJ\DWWKHVWDJJHUHGSRVLWLRQLVWZRWLPHVORZHU
WKDQ WKDW DW WKH QRQVWDJJHUHG SRVLWLRQ ZKLOH WKH HTXLOLEULXP GLVWDQFH K DW WKH VWDJJHUHG
SRVLWLRQ GHFUHDVHV WR  7KHUHIRUH WKHVH UHVXOWV KDYH D ODUJH HIIHFW RQ WKH GHQVLW\ RI WKH
EXFN\SDSHUDQGQHZZRUNVVHHVHFWLRQ$VU cWKHFRKHVLYHHQHUJ\DQGWKHHTXLOLEULXP
GLVWDQFHKDOPRVWGRHVQ¶WFKDQJHZLWK WKHSRVLWLRQV7KHUHIRUH U cKDYH WREHDGRSWHGVR
WKDWWKHYG:LQWHUDFWLRQVGRHVQ¶WFKDQJHZLWKWKHSRVLWLRQV,QWKHRWKHUKDQGDOOWKHSDUDPHWHU
RIWKHKDUPRQLFSRWHQWLDOVKDYHWREHPRGLILHGLIU cLQWKLVSDSHU'HWDLOHGPRGLILFDWLRQVRI
WKH SDUDPHWHUV FDQ EH VHHQ LQ WKH GLVFXVVLRQ RI VHFWLRQ  ,W VKRXOG EH QRWHG WKDW DOO WKH
SDUDPHWHUVRIWKHQRQERQGHG&*SRWHQWLDOVEHWZHHQWZRFURVVLQJ&17VDUHLQGHSHQGHQW
RIWKHFURVVLQJDQJOHȕIURP(T(TDQG(T
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
)LJ7KHFRKHVLYHHQHUJ\GLVWULEXWLRQZLWKGLIIHUHQWGLVWDQFHEHWZHHQWZRFURVVLQJ&17VXVLQJ
DQDO\WLFDOPRGHODQG&*0'VLPXODWLRQZLWKGLIIHUHQW/-SRWHQWLDOVIRUGLIIHUHQWUDQGWZRSRVLWLRQVDOOXQLWVRIU
DUHcD&*/-SRWHQWLDOE&*/-SRWHQWLDO
0HFKDQLFDOSURSHUWLHVRIEXFN\SDSHU
,QWKLVVHFWLRQZHVWXG\WKHPHFKDQLFDOSURSHUWLHVRIEXFN\SDSHUEDVHGRQRXUQRQERQGHG
&*PRGHO$OOSRWHQWLDOVIXQFWLRQVDQGWKHLUSDUDPHWHUVRI&17EXFN\SDSHUDUHDGRSWHGLQ
7DEOH
7DEOH7KHSRWHQWLDOIXQFWLRQVDQGWKHLUSDUDPHWHUV
7\SHRI
SRWHQWLDO
)RUP 3DUDPHWHUV
6WUHWFKLQJ

NE NFDOPROcU c
%HQGLQJ

Nș NFDOPROș 
1RQERQGHG

İ NFDOPROı c
UF cWUXQFDWLRQUDGLXV

&RPSXWDWLRQDOPHWKRGV
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7R JHQHUDWH WKH LQLWLDO DPRUSKRXV EXFN\SDSHU VWUXFWXUH ZH XVH WKH VHPLFU\VWDOOLQH ODWWLFH
PHWKRG )DXORQ  ZKLFK XWLOL]H WKH IDFHFHQWHUHG FXELF IFF GLDPRQG VWUXFWXUH DV D
WHPSODWH WR FDUERQ EDFNERQHV RI HQWDQJOHG EXFN\SDSHU /LQHDU FKDLQV DUH JHQHUDWHG E\ WKH
UDQGRPZDONSURFHVVRQ WKHGLDPRQG ODWWLFHZLWKRXWH[SOLFLWELDVRUJXLGDQFHH[FHSW IRURQH
VWHSIRUZDUGFROOLVLRQFKHFNWRDYRLGREYLRXVVHOIFURVVLQJ ,QVWHDGVLPSOHEDFNWUDFNLQJDORQJ
WKHODVWVHYHUDOJURZWKVWHSVDUHXVHGLQFDVHRIERWKLQWUDDQGLQWHUPROHFXODUFURVVLQJDQGUHWU\
UDQGRPZDONXQWLOWKHFKDLQUHDFKHVWKHUHTXLUHGFKDLQOHQJWK7KHJHQHUDWHGFKDLQVRIFDUERQV
DUHWKHQUHSODFHGZLWK&*EHDGVVRWKDWHDFK&*EHDGUHSUHVHQWVWKHPDVVFHQWHURIWKHVHFWLRQ
RI(%/U c&17V7KHGHWDLOHGSURFHVV LVVLPLODUZLWKJHQHUDWHG OLQHDUSRO\PHUVDQGZDV
GHVFULEHGLQRXUSUHYLRXVZRUN=KDRHWDO7KHWRWDOQXPEHURI&*EHDGVLQWKHLQLWLDO
VWUXFWXUHLVNHSWFRQVWDQW7ZHQW\&*FKDLQVDQG&*EHDGVSHUFKDLQDUHFRQWDLQHGLQ
WKHEXFN\SDSHU7KHJHQHUDWHGLQLWLDOVWUXFWXUHVHH)LJDLQZKLFKWKHEOXHEHDGVUHSUHVHQW
WKHHQGEHDGVDQGWKHUHGEHDGVUHSUHVHQWWKHPLGGOHEHDGVRQWKHFKDLQVLVDQQHDOHGIRUQV
XQWLOWKHSUHVVXUHDQGHQHUJ\RIWKHV\VWHPLVVWDEOHNHHSLQJERWKWKHWHPSHUDWXUH7 .DQG
WKH SUHVVXUH 3  DWP WKH WLPH VWHS ǻW  IV LQ WKH 137 HQVHPEOH FRQWUROOHG E\ WKH 1RVH
+RRYHU
VWKHUPRVWDW1RVH+RRYHU7KHQWKHV\VWHPLVFRROHGGRZQWR7 .
ZLWK WKH FRROLQJ UDWH RI  .SV LQ WKH 137 HQVHPEOH 7KH V\VWHP LV WKHQ NHSW DW FRQVWDQW
7 .DQG3 DWPLQWKH137HQVHPEOHIRUQV7KHER[VL]HLVDERXWîîQP
VHH )LJV E DQG G 7KH XQLD[LDO WHQVLRQ DQG FRPSUHVVLRQ WHVWV DORQJ [ GLUHFWLRQ DUH
SHUIRUPHGWRREWDLQWKHVWUHVV±VWUDLQUHVSRQVHZLWKVWUDLQUDWHîV&DSDOGLLQWKH
137 HQVHPEOH VHH )LJV F DQG H 7R REWDLQ WKH VKHDU SURSHUWLHV RI WKH EXFN\SDSHU WKH
DERYH HTXLOLEULXP VWUXFWXUH LQ WKH137 HQVHPEOH EHIRUH WHQVLRQ DQG FRPSUHVVLRQ LV NHSW DW
7 .LQWKH197HQVHPEOHIRUQV7KHQWKHVKHDUWHVWVDORQJ[\GLUHFWLRQDUHSHUIRUPHG
WR REWDLQ WKH VWUHVV±VWUDLQ UHVSRQVH ZLWK VWUDLQ UDWH î V &DSDOGL  LQ WKH 197
HQVHPEOHVHH)LJVFDQGI1RWHWKDWWKHGLVWULEXWLRQRIDWRPLFVWUDLQİ[[DQGİ[\SHUDWRPLV
VKRZQLQ)LJVHDQGI3HULRGLFERXQGDU\FRQGLWLRQVDUHDSSOLHGLQDOOWKUHHGLUHFWLRQV$OO
WKH0'VLPXODWLRQVDUHSHUIRUPHGXVLQJ/$0036VRIWZDUH3OLPSWRQDQGVRPHILJXUHV
LQ)LJDUHSORWWHGE\29,72VRIWZDUH6WXNRZVNL

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&RPSXWDWLRQDOUHVXOWVDQGGLVFXVVLRQ
)LUVWWKHEXONGHQVLW\RIWKHEXFN\SDSHUDW.DQGDWPDIWHUDERYHDQQHDOLQJSURFHVVLV
REWDLQHGDERXWJFPZKLFKLVORZHUWKDQJFPIURP;LHHWDOVLQFHWKHWZR
GLPHQVLRQDO VWUXFWXUH DQG U  c DUH RQO\ FRQVLGHUHG LQ WKHLU ZRUN $FWXDOO\ WKH WZR
GLPHQVLRQDO VWUXFWXUHKDV D ODUJH OLPLWDWLRQ DQGZLOO ORVHPXFK LQIRUPDWLRQ )RU H[DPSOH WKH
HTXLOLEULXPGLVWDQFHKEHWZHHQ WZRFURVVLQJ&*FKDLQV LV ]HUR LQ WKHLUZRUNZKLOH WKH UHDO
HTXLOLEULXPGLVWDQFHKEHWZHHQWZRFURVVLQJ&17VDUHDERXWcVHH7DEOH7KH
UHDVRQOHDGVWRWKH;LHHWDO¶VKLJKHUGHQVLW\
7KH VWUHVVVWUDLQ FXUYHV XQGHU XQLD[LDO WHQVLRQ DQG FRPSUHVVLRQ DV ZHOO DV SXUH VKHDU DUH
SORWWHG LQ )LJ F 7KH <RXQJ¶V PRGXOXV (  *3D DQG VKHDU PRGXOXV
* *3DDUHFDOFXODWHGE\ILWWLQJWKHOLQHDUVHFWLRQRIWKHFXUYHVLQWKHUDQJHRIVWUDLQ
ZKLFKLVDOPRVWWLPHVKLJKHUWKDQWKRVHRIDPRUSKRXVOLQHDUEXONSRO\HWK\OHQH&DSDOGL
7KHXOWLPDWHVWUHQJWKLVDURXQG03DDQG03DXQGHUWHQVLRQDQGVKHDUUHVSHFWLYHO\
7KHFRUUHVSRQGLQJXOWLPDWHVWUDLQVDUHERWKDERXWXQGHUWHQVLRQDQGVKHDUZKLFKDUHPXFK
ORZHU WKDQ WKRVHRIEXONSRO\HWK\OHQH&DSDOGL1RWH WKDW WKHXOWLPDWHVWUHQJWKVWUDLQ LV
GHILQHGDVWKHSHDNVWUHVVDQGWKHFRUUHVSRQGLQJSHDNVWUDLQLQWKHVWUHVVVWUDLQFXUYHV$OWKRXJK
WKH HODVWLF SURSHUWLHV RI DPRUSKRXV EXFN\SDSHU DUH PXFK KLJKHU WKDQ DPRUSKRXV OLQHDU EXON
SRO\HWK\OHQHWKHEXFN\SDSHULVPRUHEULWWOHWKDQWKHSRO\HWK\OHQH
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
)LJ7KHPHFKDQLFDOSURSHUWLHVRIWKH&17EXFN\SDSHUXVLQJ&*0'VLPXODWLRQVDWKHLQLWLDOVWUXFWXUH
DIWHUHQHUJ\PLQLPL]DWLRQEWKHHTXLOLEULXPVWUXFWXUHDW.DQGDWPDIWHUDQQHDOLQJSURFHVVFWKHVWUDLQ
VWUHVVFXUYHVXQGHUXQLD[LDOWHQVLRQDQGFRPSUHVVLRQDVZHOODVVKHDUGVLGHYLHZLQ[R]SODQHRIEHWKH
GLVWULEXWLRQRIWKHDWRPLFVWUDLQİ[[SHUDWRPXQGHUWHQVLRQIWKHGLVWULEXWLRQRIWKHDWRPLFVWUDLQİ[\SHUDWRP
XQGHUVKHDU
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7KHSUREDEOHUHDVRQLV WKDW WKHERQGDQJOHDPRQJWKHFDUERQVLQEXONSRO\HWK\OHQHLVDERXW
 &DSDOGL =KDRHW DO DQG WKH VWUHWFKLQJSRWHQWLDOVEHWZHHQ WZR FDUERQV DUH
ORZHUWKDQWKRVHRIRXU&*EHDGV&DSDOGLVRWKHHQWDQJOHPHQWVLQWKHEXONSRO\HWK\OHQH
LVKLJKHUWKDQWKRVHLQWKHEXFN\SDSHU
,WLVZHOONQRZQWKDWWKHYG:LQWHUDFWLRQVSOD\DVLJQLILFDQWUROHLQWKHPHFKDQLFDOSURSHUWLHV
RIWKHEXFN\SDSHUVRKRZWRGHWHUPLQHDQDFFXUDWHFRKHVLYHHQHUJ\EHWZHHQWZR&*EHDGVLVD
FULWLFDOLVVXHIRUREWDLQLQJUHOLDEOHSURSHUWLHVRIWKHEXFN\SDSHUIURPWKH&*0'VLPXODWLRQV
'LVFXVVLRQ
 0LQLPXP FRKHVLYH HQHUJ\ DQG HTXLOLEULXP GLVWDQFH EHWZHHQ WZR SDUDOOHO DQG FURVVLQJ
6:&17V
)URP(T  DQG(T ZH ILQG WKDW WKH IXQFWLRQV RI WKH FRKHVLYH HQHUJ\ EHWZHHQ WZR
SDUDOOHO&17VDQGWZRFURVVLQJ&17VDUHTXLWHGLIIHUHQWVLQFHWKHWZRLVVXHVDUHGLIIHUHQWDQG
WKHXQLWVRIWKHFRKHVLYHHQHUJ\DUHDOVRGLIIHUHQW
)URP RXU SUHYLRXV ZRUN =KDR HW DO D WKH QRUPDOL]HG HTXLOLEULXP GLVWDQFH Kı
EHWZHHQWZRSDUDOOHO&17VDQGWZRFURVVLQJ&17VIURP(TDQG(TLVSORWWHGLQ)LJ
 7KH HTXLOLEULXP GLVWDQFHV EHWZHHQ WZR SDUDOOHO &17V DUH DOZD\V GLIIHUHQW ZLWK WKRVH
EHWZHHQWZRFURVVLQJ&17V
$V U Uĺ IRU WZR SDUDOOHO &17V DQG WZR FURVVLQJ &17V WKH QRUPDOL]HG HTXLOLEULXP
GLVWDQFHVKıDUHDQGUHVSHFWLYHO\ZKLFKDUHERWKGLIIHUHQWZLWKKı RIWZR
JUDSKHQHVKHHWV=KDRHWDOD ,QRWKHUZRUGVZKHQWZR&17VUDGLLWHQGWRLQILQLWHWKH
HTXLOLEULXP GLVWDQFHV EHWZHHQ WZR SDUDOOHO &17V RU WZR FURVVLQJ &17V DUH QHYHU XS WR WKDW
EHWZHHQWZRJUDSKHQHVKHHWV$FWXDOO\U UĺLQ(TDQG(TLVDPDWKHPDWLFDOQRQ
FRQWLQXRXV SRLQW 6LPLODU SKHQRPHQD DUH DOVR RFFXUUHG LQ RWKHU FDVHV )RU H[DPSOH LI WKH
FURVVLQJ DQJOH ȕ WHQGV WR  EHWZHHQ WZR FURVVLQJ OLQHV LQ (T  WKH HTXLOLEULXP GLVWDQFH
EHWZHHQ WKH WZR FURVVLQJ OLQHV FDQ EH QHYHU XS WR WKH HTXLOLEULXP GLVWDQFH EHWZHHQ WKH WZR
SDUDOOHOOLQHVLQ(T,QRWKHUZRUGVWKHSRLQWDWȕ VKRXOGEHPRYHGIURP(T:LWK
WKH FURVVLQJ DQJOH GHFUHDVLQJ WR ]HUR WKH HTXLOLEULXP GLVWDQFH EHWZHHQ WZR FURVVLQJ OLQHV
FURVVLQJDQJOHLVQRW]HURLV MXPSHGIURPı WRı6LPLODUO\ WKHFURVVLQJDQJOHȕ LV
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DOVRDQRQFRQWLQXRXVSRLQW LQWKHFRKHVLYHHQHUJ\RI(T7KHUHIRUH WKHFRKHVLYHHQHUJ\
DQG WKH HTXLOLEULXP GLVWDQFH EHWZHHQ WZR SDUDOOHO &17V DQG WZR FURVVLQJ &17V DUH QRQ
FRQWLQXRXVZKLFKOHDGVWRRXUQRQERQGHG&*SRWHQWLDOVDUHGLIIHUHQWLQWKHWZRFRQGLWLRQV

)LJ7KHQRUPDOL]HGHTXLOLEULXPGLVWDQFHKıEHWZHHQWZRSDUDOOHO&17VDQGWZRFURVVLQJ&17V
,W VKRXOG EH QRWHG WKDW WKH WZR FRQGLWLRQV GRQ¶W OLNH WKH GRXEOHZDOOHG&17V )RU GRXEOH
ZDOOHG &17V LI WKH UDGLL WHQG WR LQILQLW\ LQ GRXEOHZDOOHG &17V WKH HTXLOLEULXP GLVWDQFH
EHWZHHQ WKH WZR &17V VKRXOG EH VDPH ZLWK WKDW EHWZHHQ WZR JUDSKHQH VKHHWV EHFDXVH WKH
FRKHVLYH HQHUJ\SHUXQLW DUHDGLVWULEXWLRQ LV XQLIRUPDURXQG&17V+RZHYHU IRU WZRSDUDOOHO
&17V DQG WZR FURVVLQJ&17V WKH FRKHVLYH HQHUJ\ GLVWULEXWLRQ LV VWLOO QRQXQLIRUP VLQFH WKH
FXUYDWXUHVWLOOKDVHIIHFWRQ WKHHQHUJ\GLVWULEXWLRQ$OWKRXJK WKHGLIIHUHQFHRI WKHHTXLOLEULXP
GLVWDQFH LVQRW ODUJH QRUPDOO\ VPDOOHU WKDQIRU WZRSDUDOOHO&17V VPDOOHU WKDQIRU
WZRFURVVLQJ&17VLWVKRXOGEHYHU\LPSRUWDQWLQRWKHUILHOGVHJQXFOHDULQGXVWU\DHURQDXWLFV
DQGDVWURQDXWLFVSUHFLVLRQPDFKLQLQJHWF
7KHUHIRUH LW VKRXOG EH QRWHG WKDW WKH QRQERQGHG &* SRWHQWLDO SDUDPHWHUV EHWZHHQ WZR
SDUDOOHO&17VDQGWZRFURVVLQJ&17VVKRXOGEHGLIIHUHQW,QRWKHUZRUGVWKHQRQERQGHG&*
SRWHQWLDOVIRU&17EXQGOHVVKRXOGEHGLIIHUHQWZLWKWKRVHIRU&17EXFN\SDSHURUQHWZRUNV

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7KHHTXLOLEULXPERQGOHQJWKUEHWZHHQWZR&*EHDGV
)URP)LJDQG)LJWKH&*PRGHOLVDFFXUDWHHQRXJKDV(%/UcE\FRPSDULVRQ
ZLWKWKHDQDO\WLFDODQGIXOODWRP0'UHVXOWVZKHQWKHWZR&*EHDGVEHWZHHQWKHWZR&17VDUH
QRQVWDJJHUHGZLWK HDFKRWKHU)URP)LJ  DQG)LJ  WKH&*PRGHO LV RQO\ DFFXUDWH
HQRXJKDVUcZKHQWKHWZR&*EHDGVEHWZHHQWKHWZR&17VDUHVWDJJHUHGZLWKHDFKRWKHU
7KHGLIIHUHQFHRI WKHFRKHVLYHHQHUJ\EHWZHHQWKH&*0'DQGWKHDQDO\WLFDOUHVXOWV LQFUHDVHV
ZLWKLQFUHDVLQJU)URP)LJWKH(%/UKDVDODUJHHIIHFWRQWKHPHFKDQLFDOEHKDYLRURI
&17EXQGOHV7KHUHIRUHLWLVQHFHVVDU\DQGLPSRUWDQWWRSURYLGHDOOWKH&*SRWHQWLDOSDUDPHWHUV
RI U c$OOQRQERQGHG&*SRWHQWLDOVEHWZHHQ WZRSDUDOOHO&17VDUHJLYHQ LQ7DEOHV
DQG  LQZKLFK WKH YDOXHV RIıDQGıDUH WKH VDPHZLWK WKRVH LQ7DEOH  DQG 
UHVSHFWLYHO\$OOQRQERQGHG&*SRWHQWLDOVEHWZHHQWZRFURVVLQJ&17VDUHJLYHQLQ7DEOHV
DQGLQZKLFKWKHYDOXHVRIıDQGıDUHWKHVDPHZLWKKLQ7DEOH,WLVHDV\WRILQG
WKDWWKHYDOXHVRIİDQGİIRUU cDUHERWKDVWLPHVDVWKRVHIRUU cZKLOHı
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7DEOH7KHİYDOXHVRIWKH&*/-SRWHQWLDORI&*PRGHOIRUWZRSDUDOOHO&17VDVU cXQLW
.FDOPRO
&17      
      
      
      
      
      
      





84 
 
7DEOH7KHİYDOXHVRIWKH&*/-SRWHQWLDORI&*PRGHOIRUWZRSDUDOOHO&17VDVU cXQLW
.FDOPRO
&17      
      
      
      
      
      
      

7DEOH7KHİYDOXHVRIWKH&*/-SRWHQWLDORI&*PRGHOIRUWZRFURVVLQJ&17VDVU cXQLW
.FDOPRO
&17      
      
      
      
      
      
      

7DEOH7KHİYDOXHVRIWKH&*/-SRWHQWLDORI&*PRGHOIRUWZRFURVVLQJ&17VDVU cXQLW
.FDOPRO
&17      
      
      
      
      
      
      

0RUHRYHUWKHSDUDPHWHUV.FJE.FJșDQG.FJĲRIVWUHWFKLQJEHQGLQJDQGWRUVLRQSRWHQWLDOVLQ)LJ
IRUU cVKRXOGEHUHSODFHGDVWLPHVDV WKRVHRIU c7KDW LV WRVD\.FJE U
XQLW Q1QP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U!c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7KHDGYDQWDJHVDQGOLPLWDWLRQVRIWKHSUHVHQW&*PRGHOV
,WLVZHOONQRZQWKDWWKHFRPSXWDWLRQDOFRVWXVLQJRXU&*PRGHOVLVPXFKOHVVWKDQWKDWRIIXOO
DWRP0' VLPXODWLRQV )URP VHFWLRQ  WKH  QXPEHUV &17V DUH DERXW  FDUERQ
DWRPVQPORQJSHU&17ZKLOHRQO\&*EHDGVDQG&*EHDGVDUHXVHGLQWKH&*
0'VLPXODWLRQVU cDQGU c)URPVHFWLRQ WKH&*EHDGVDUHXVHGLQWKH
EXFN\SDSHUZKLOHDURXQGFDUERQVLQWKHIXOODWRP0'VLPXODWLRQVU c)RUODUJH
GLDPHWHU&17WKHQXPEHURI&*EHDGVSHU&17DUHRQO\DVʌUUȡJHWLPHVDVWKRVHRIIXOO
DWRPV7KH&*PRGHOVFDQEHXVHGWRVWXG\WKHPHFKDQLFDOSURSHUWLHVRIHYHQPLFURVFDOH&17
EXQGOHV6LQFH WKH&*EHDGPDVV LV ʌUUȡJHPF WKH WLPHVFDOH LQ WKH&*0'VLPXODWLRQVFDQ
DOVREHXVHGDVWLPHVDVWKDWRIIXOODWRP0'VLPXODWLRQV1LHOVHQHWDO7KHUHIRUHWKH
&*PRGHO FDQ XVHG WR VWXG\ WKHPLFURVFDOH DQG ODUJH WLPH VFDOH UHVXOWV ZKLFK DUH WKH ODUJH
OLPLWDWLRQVRIIXOODWRP0'VLPXODWLRQV
7KHOLPLWDWLRQRIWKH&*PRGHOLVWKDWWKHVWUHWFKLQJEHQGLQJDQGWRUVLRQSRWHQWLDOVIURP(T
(TDQG(TDUHREWDLQHGE\ILWWLQJWKHPHFKDQLFDOEHKDYLRUXQGHUVPDOOGHIRUPDWLRQ
VRWKHQRQOLQHDUEHKDYLRURIWKH&17EXQGOHVDQGQHWZRUNVE\SUHVHQW&*PRGHOVKRXOGEHRQO\
WKH TXDOLWDWLYH UHVXOWV 8QGHU ODUJH GHIRUPDWLRQ &KDQJ¶V JURXS *HQJ DQG &KDQJ 
HVWDEOLVKHGDQRQOLQHDUVWLFNVSLUDOPRGHOWRGHVFULEHWKHPHFKDQLFDOEHKDYLRURI6:&17VEDVHG
RQD0RUVHW\SHSRWHQWLDO$UUR\RDQG%HO\WVFKNR7KHQRQOLQHDUPRGHOFRXOGEHGLUHFWO\
XVHGWRREWDLQRXU&*QRQOLQHDUVWUHWFKLQJEHQGLQJDQGWRUVLRQSRWHQWLDOV
1RWHWKDWRQHVKRXOGXVHWKHVHFRQG&*QRQERQGHGPRGHOFDUHIXOO\)RUWKUHHGLPHQVLRQDO
&17EXQGOHVWKHUHDOER[OHQJWKO
VKRXOGEHHTXDOWROıUUıXVLQJ
&* /- SRWHQWLDO DQG OıUUı LI WKH ER[ OHQJWK LV O DQG ODIWHU
PLQLPL]DWLRQ XVLQJ RXU WZR &*  DQG  /- SRWHQWLDOV EHWZHHQ WZR SDUDOOHO &17V
UHVSHFWLYHO\,QWKHRWKHUZRUGVWKHSUDFWLFDOGHQVLW\LV>ıUUı@DQG
>ıUUı@ WLPHV RI WKDW IURP RXU VHFRQG WZR &* QRQERQG SRWHQWLDOV
UHVSHFWLYHO\ZKLOHWKHWRWDOHQHUJ\LVVDPHZLWKWKDWIURPIXOODWRP0'VLPXODWLRQDQGGRHVQ¶W
QHHGPRGLILFDWLRQ
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)RU WKUHHGLPHQVLRQDO &17 EXFN\SDSHU WKH UHDO ER[ OHQJWK O
 VKRXOG EH HTXDO WR Oı
UUıXVLQJ&*/-SRWHQWLDODQGOıUUıLIWKHER[OHQJWKLVODQGO
DIWHU PLQLPL]DWLRQ XVLQJ RXU WZR &*  DQG  /- SRWHQWLDOV IRU WZR FURVVLQJ &17V
UHVSHFWLYHO\ ,Q WKH RWKHU ZRUGV WKH SUDFWLFDO GHQVLW\ LV >ıUUı@ DQG >ı
UUı@ WLPHVRI WKDWIURPRXUVHFRQGWZR&*QRQERQGSRWHQWLDOVUHVSHFWLYHO\ZKLOH
WKHWRWDOHQHUJ\LVVDPHZLWKWKDWIURPIXOODWRP0'VLPXODWLRQDQGGRHVQ¶WQHHGPRGLILFDWLRQ
$OWKRXJK WKH DSSURSULDWH SRVWSURFHVVLQJ VKRXOG EH IXUWKHU DFFRPSOLVKHG WKH WZR &* /-
SRWHQWLDOVDUHKLJKO\DFFXUDWHWRGHVFULEHWKHPHFKDQLFDOEHKDYLRUXQGHUODUJHGHIRUPDWLRQ
,IRQHXVHVWKH&*PRGHOLQ&17EXQGOHVDQG&17EXFN\SDSHUDVVKRZQLQ)LJDQG)LJ
ZKLFKGRQ¶WQHHGDQ\SRVWSURFHVVLQJDOWKRXJKWKHQRQERQGHGSRWHQWLDOVDUHRQO\DFFXUDWH
HQRXJKDWWKHSRVLWLRQFORVHWRWKHHTXLOLEULXPGLVWDQFHWKHQWKHSDUDPHWHUVRIWKHSRWHQWLDOVDV
U cFDQEHXVHG IURP7DEOHVDQG IRU&17EXQGOHVDQG IURP7DEOHV
DQGIRU&17EXFN\SDSHUDQGQHWZRUNV)RUU cWKHSDUDPHWHUVRIWKHSRWHQWLDOV
DUH VKRZQ LQ7DEOHV    DQG ZKLOH WKH FRUUHVSRQGLQJ HTXLOLEULXP GLVWDQFHV
GRQ¶WFKDQJH
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6LQFH WKH SDUDPHWHUV RI WKH QRQERQGHG &* SRWHQWLDOV EHWZHHQ WZR SDUDOOHO DQG FURVVLQJ
&17VDUHGLIIHUHQWVRZHVKRXOGXVHWKHQRQERQGHG&*SRWHQWLDOVEHWZHHQWZRSDUDOOHO&17V
LQ &17 EXQGOHV DQG XVH WKH SRWHQWLDOV EHWZHHQ WZR FURVVLQJ &17V LQ &17 EXFN\SDSHU DQG
QHWZRUNV
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&RQFOXGLQJUHPDUNV
,QVXPPDU\WKH&*SRWHQWLDOVIRU6:&17V\VWHPVDUHGHYHORSHGIURPPROHFXODUPHFKDQLFV
PRGHOV 7KH H[SOLFLW H[SUHVVLRQV RI WKH &* VWUHWFKLQJ EHQGLQJ DQG WRUVLRQ SRWHQWLDOV RI
6:&17VDUHREWDLQHGEDVHGRQ WKHVWLFNVSLUDODQG WKHEHDPPRGHOV%DVHGRQRXUDQDO\WLFDO
UHVXOWV RI FRKHVLYH HQHUJ\ EHWZHHQ WZR SDUDOOHO DQG FURVVLQJ 6:&17V WKH QRQERQGHG &*
SRWHQWLDOVEHWZHHQGLIIHUHQW&*EHDGVDUHV\VWHPDWLFDOO\DQDO\]HG7KHHIIHFWRIWKHHTXLOLEULXP
ERQG OHQJWK (%/ U RI WKH WZR&*EHDGV DQG WKH LQIOXHQFH RI WKH SRVLWLRQ EHWZHHQ WKH&*
EHDGVRQWKH&*SRWHQWLDOVDUHERWKGHWDLOHGO\GLVFXVVHG:HILQGWKDWWKHFRKHVLYHHQHUJ\DQG
HTXLOLEULXP GLVWDQFH RI (%/ U  c LV RQO\ DFFXUDWH HQRXJK IRU WKH QRQVWDJJHUHG SRVLWLRQ
EHWZHHQWZR&*EHDGVZKLOHWKHHQHUJ\DQGGLVWDQFHRIU cDUHDOZD\VDFFXUDWHHQRXJKIRU
QRQVWDJJHUHG DQG VWDJJHUHG SRVLWLRQ EHWZHHQ WZR &* EHDGV &KHFNLQJ DJDLQVW IXOO DWRP
PROHFXODUG\QDPLFVFDOFXODWLRQVDQGRXUDQDO\WLFDOUHVXOWVVKRZVWKDWWKHSUHVHQW&*SRWHQWLDOV
KDYHKLJKDFFXUDF\
7KH WZR QRQERQGHG &* PRGHOV RI U  c DUH GHYHORSHG LQ WKLV SDSHU 7KH QRQERQGHG
SDUDPHWHUV RI WKH ILUVW PRGHO DUH REWDLQHG E\ ILWWLQJ WKH PLQLPXP FRKHVLYH HQHUJ\ DQG WKH
FRUUHVSRQGLQJ HTXLOLEULXP GLVWDQFH ZKLFK DUH HIIHFWLYH DW WKH GLVWDQFH ZKLFK LV FORVH WR WKH
HTXLOLEULXP GLVWDQFH EHWZHHQ WZR &* EHDGV 7KH DGYDQWDJH RI WKH PRGHO LV WKDW QR
SRVWSURFHVVLQJ VKRXOG EH SHUIRUPHG 7KH QRQERQGHG SDUDPHWHUV RI WKH VHFRQG PRGHO DUH
REWDLQHGE\ILWWLQJWKHWRWDOFRKHVLYHHQHUJ\GLVWDQFHFXUYHVZKLFKDUHHIIHFWLYHDWDQ\GLVWDQFH
EHWZHHQWZR&*EHDGVZKLOHVRPHSRVWSURFHVVLQJKDYHWREHSHUIRUPHG
,WVKRXOGEHQRWHGWKDWWKHSDUDPHWHUVRIWKHREWDLQHGQRQERQGHG&*SRWHQWLDOVEHWZHHQWZR
SDUDOOHO DQG FURVVLQJ &17V DUH GLIIHUHQW VR ZH KDYH WR XVH WKH QRQERQGHG &* SRWHQWLDOV
EHWZHHQWZRSDUDOOHO&17VLQ&17EXQGOHVDQGXVHWKHSRWHQWLDOVEHWZHHQWZRFURVVLQJ&17V
LQ&17EXFN\SDSHUDQGQHWZRUNV
7KHHVWDEOLVKHG&*SRWHQWLDOVDUHHIILFLHQWO\XVHGWRVWXG\WKHPHFKDQLFDOSURSHUWLHVRI&17
EXQGOHVDQG&17EXFN\SDSHUDWDPLQRUIUDFWLRQRIWKHFRPSXWDWLRQDOFRVWZKLFKVKRXOGEHRI
JUHDWKHOSIRUIXUWKHUGHVLJQLQJWKHFRUUHVSRQGLQJQDQRPHFKDQLFDOGHYLFHVDQGV\VWHPV

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IRUWKHQQ&17V$
7KHGHWDLOHGLQIRUPDWLRQIRUGLIIHUHQWFKLUDOLW\FDQEHVHHQLQWKHOLWHUDWXUHV&KDQJDQG*DR&KDQJHWDO
&KDQJ
5HIHUHQFHV
$MD\DQ30%DQKDUW)6WURQJEXQGOHV1DW0DWHU
%DXJKPDQ5+=DNKLGRY$$GH+HHU:$&DUERQQDQRWXEHVWKH URXWH WRZDUGDSSOLFDWLRQV6FLHQFH

$UUR\R 0 %HO\WVFKNR 7  /DUJH GHIRUPDWLRQ DWRPLVWLFEDVHG FRQWLQXXP DQDO\VLV RI FDUERQ QDQRWXEHV
$,$$
%XHKOHU 0-  0HVRVFDOH PRGHOLQJ RI PHFKDQLFV RI FDUERQ QDQRWXEHV VHOIDVVHPEO\ VHOIIROGLQJ DQG
IUDFWXUH-0DWHU5HV
&DSDOGL)0%R\FH0&5XWOHGJH*&0ROHFXODUUHVSRQVHRIDJODVV\SRO\PHUWRDFWLYHGHIRUPDWLRQ
3RO\PHU
&DUQIRUG 6 %XHKOHU 0-  ,Q VLOLFR DVVHPEO\ DQG QDQRPHFKDQLFDO FKDUDFWHUL]DWLRQ RI FDUERQ QDQRWXEH
EXFN\SDSHU1DQRWHFKQRORJ\
&DUQIRUG 6 <DR + 2UWL] & %XHKOHU 0-  $ VLQJOH GHJUHH RI IUHHGRP µOROOLSRS¶ PRGHO IRU FDUERQ
QDQRWXEHEXQGOHIRUPDWLRQ-0HFK3K\V6ROLGV
&KDQJ 7 *DR +  6L]HGHSHQGHQW HODVWLF SURSHUWLHV RI D VLQJOHZDOOHG FDUERQ QDQRWXEH YLD DPROHFXODU
PHFKDQLFVPRGHO-0HFK3K\V6ROLGV
&KDQJ 7 *HQJ - *XR ;  &KLUDOLW\ DQG VL]HGHSHQGHQW HODVWLF SURSHUWLHV RI VLQJOHZDOOHG FDUERQ
QDQRWXEHV$SSO3K\/HWW
&KDQJ77RUVLRQDOEHKDYLRURIFKLUDOVLQJOHZDOOHGFDUERQQDQRWXEHVLVORDGLQJGLUHFWLRQGHSHQGHQW$SSO
3K\V/HWW
&KDQJ 7  $PROHFXODU EDVHG DQLVRWURSLF VKHOO PRGHO IRU VLQJOHZDOOHG FDUERQ QDQRWXEHV -0HFK 3K\V
6ROLGV
)DXORQ -/  6WRFKDVWLF JHQHUDWRU RI FKHPLFDO VWUXFWXUH  %XLOGLQJ SRO\PHULF V\VWHPV ZLWK VSHFLILHG
SURSHUWLHV-&RPSXW&KHP
*HQJ - &KDQJ 7 1RQOLQHDU VWLFNVSLUDO PRGHO SUHGLFWLQJ PHFKDQLFDO EHKDYLRU RI VLQJOHZDOOHG FDUERQ
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QDQRWXEHV3K\5HY%
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+H;4.LWLSRUQFKDL 6 /LHZ.0 %XFNOLQJ DQDO\VLV RIPXOWLZDOOHG FDUERQ QDQRWXEHV D FRQWLQXXP
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3K\V5HY/HWW
+RRYHU:*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(TXLOLEULXPSKDVHVSDFHGLVWULEXWLRQV3K\V5HY$
,LMLPD6%UDEHF&0DLWL$%HUQKROF-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
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QLWULGHQDQRWXEHV-0HFK3K\V6ROLGV
-LDQJ /< +XDQJ < -LDQJ + 5DYLFKDQGUDQ * *DR + +ZDQJ .& /LX %  $ FRKHVLYH ODZ IRU
FDUERQQDQRWXEHSRO\PHULQWHUIDFHEDVHGRQWKHYDQGHU:DDOVIRUFH-0HFK3K\V6ROLGV
.LV$ &VDQ\L* 6DOYHWDW -3 /HH71 &RXWHDX (.XOLN $- %HQRLW: %UXJJHU - )RUUR / 
5HLQIRUFHPHQWRIVLQJOHZDOOHGFDUERQQDQRWXEHEXQGOHVE\LQWHUWXEHEULGJLQJ1DW0DWHU
/L&<&KRX7: $ VWUXFWXUDOPHFKDQLFV DSSURDFK IRU WKH DQDO\VLV RI FDUERQQDQRWXEHV ,QW -6ROLGV
6WUXFW
/L&<&KRX7:(ODVWLFSURSHUWLHVRIVLQJOHZDOOHGFDUERQQDQRWXEHVLQWUDQVYHUVHGLUHFWLRQV3K\V5HY
%
/L+*XR:7UDQVYHUVHO\LVRWURSLFHODVWLFSURSHUWLHVRIVLQJOHZDOOHGFDUERQQDQRWXEHVE\DUHFWDQJXODU
EHDPPRGHOIRUWKH&&ERQGV-$SSO3K\V
/L < .U|JHU 0  9LVFRHODVWLFLW\ RI FDUERQ QDQRWXEH EXFN\SDSHU ]LSSLQJXQ]LSSLQJ PHFKDQLVP DQG
HQWDQJOHPHQWHIIHFWV6RIW0DWWHU
1LHOVHQ6/RSH]&)6ULQLYDV*.OHLQ0/$FRDUVHJUDLQPRGHO IRU QDONDQHVSDUDPHWHUL]HG IURP
VXUIDFHWHQVLRQGDWD-&KHP3K\V
1RVH6$XQLILHGIRUPXODWLRQRIWKHFRQVWDQWWHPSHUDWXUHPROHFXODUG\QDPLFVPHWKRGV-&KHP3K\V

2GHJDUG*0*DWHV761LFKROVRQ/0:LVH.((TXLYDOHQWFRQWLQXXPPRGHOLQJZLWKDSSOLFDWLRQWR
FDUERQQDQRWXEHV1$6$70
3OLPSWRQ6)DVWSDUDOOHODOJRULWKPVIRUVKRUWUDQJHPROHFXODUG\QDPLFV-&RPSXW3K\V
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0HFK3K\V6ROLGV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
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$ELQLWLR VWUXFWXUDO HODVWLF DQG YLEUDWLRQDO
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&KDSWHU
%LQGLQJ HQHUJ\ DQG PHFKDQLFDO VWDELOLW\ RI WZR SDUDOOHO DQG WZR FURVVLQJ
FDUERQQDQRWXEHV
$EVWUDFW
7KHELQGLQJHQHUJ\EHWZHHQWZRSDUDOOHODQGWZRFURVVLQJVLQJOHZDOOHGDQGPXOWLZDOOHG
FDUERQQDQRWXEHV&17VLVREWDLQHGE\FRQWLQXXPPRGHOLQJRI WKHYDQGHU:DDOV LQWHUDFWLRQ
EHWZHHQ WKHP7KHGHSHQGHQFHRI WKHELQGLQJHQHUJ\RQ WKHLUGLDPHWHUVQXPEHURIZDOOVDQG
FURVVLQJ DQJOHV LV V\VWHPDWLFDOO\ DQDO\]HG7KH FULWLFDO OHQJWK IRU WKHPHFKDQLFDO VWDELOLW\ DQG
DGKHVLRQRIWKH&17VKDVEHHQGHWHUPLQHGE\WKHIXQFWLRQRI(L,LKDQGȖZKHUH(L,LKDQGȖDUH
WKH&17VEHQGLQJ VWLIIQHVV GLVWDQFH DQGELQGLQJ HQHUJ\EHWZHHQ WKHP&KHFNLQJ DJDLQVW IXOO
DWRPPROHFXODUG\QDPLFVFDOFXODWLRQVVKRZWKDWWKHFRQWLQXXPVROXWLRQKDVKLJKDFFXUDF\7KH
HVWDEOLVKHG DQDO\WLFDO VROXWLRQV VKRXOG EH RI JUHDW KHOS IRU GHVLJQLQJ QDQRHOHFWURPHFKDQLFDO
GHYLFHV
,QWURGXFWLRQ
7KHXQLTXHPHFKDQLFDOHOHFWULFDOWKHUPDODQGRSWLFDOSURSHUWLHVRIFDUERQQDQRWXEHV&17V
HQDEOH WKHP KLJKO\ SRWHQWLDO DQG LGHDO FDQGLGDWHV IRU PXOWLIDULRXV DSSOLFDWLRQV ,LMLPD 
%DXJKPDQHWDO0RGLHWDO&17H[LVWVLQVHYHUDOVWUXFWXUHVIRUPVVXFKDVVLQJOH
ZDOOHG&17V 6:&17VPXOWLZDOOHG&17V 0:&17VEXQGOHVDQGQHWZRUNV $MD\DQDQG
%DQKDUW%URQLNRZVNL7KHPHFKDQLFDOSURSHUWLHVRI6:&17VDQG0:&17VKDYH
EHHQH[WHQVLYHO\VWXGLHGLQSUHYLRXVZRUN<DNREVRQHWDO&KDQJDQG*DR/LDQG
&KRX  /L DQG*XR  5HFHQWO\ WKH &17 QHWZRUNV KDYH EHHQ WDNHQ DV D SRWHQWLDO
VDYLQJHQHUJ\PDWHULDO;LHHWDOZKLOHWKH&17EXQGOHVKDYHSRWHQWLDODSSOLFDWLRQVLQ
QDQRFRPSRVLWHVPDWHULDOV ,Q WKH V\QWKHVLVRI&17EXQGOHV DQGQHWZRUNV WKHLU IRUPDWLRQ LV D
FKDOOHQJH WR UHPDLQ LQXQGHUVWDQGLQJKRZ WRPHDVXUH DQGSUHGLFW WKHSURSHUWLHVRI VXFK ODUJH
V\VWHPV$MD\DQDQG%DQKDUW.LVHWDO$WWKHQDQRVFDOHWKHZHDNYDQGHU:DDOV
YG: LQWHUDFWLRQV JRYHUQ WKH VWUXFWXUDO RUJDQL]DWLRQ DQG WKH PHFKDQLFDO SURSHUWLHV RI &17
                                                          
 7KHZRUNZLOOEHVXEPLWWHG
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EXQGOHVDQGQHWZRUNV 5X=KRXHWDO&UDQIRUGHW DO7KHUHIRUH D
FOHDU XQGHUVWDQGLQJ RI WKH YG: LQWHUDFWLRQV LQ WKHVH V\VWHPV LV FUXFLDO IRU WKHLU SRWHQWLDO
DSSOLFDWLRQV LQ WKH QDQRHOHFWURPHFKDQLFDO V\VWHPV DQG HOHFWURQLF GHYLFHV 7KH VHOIIROGLQJ RI
6:&17V0:&17VPXOWLOD\HUJUDSKHQHVKHHWVKDYHEHHQLQYHVWLJDWHGDQGWKHEXQGOHSDWWHUQ
IRUPDWLRQ KDV DOVR EHHQ VWXGLHG LQ SUHYLRXV ZRUN =KRX HW DO  &UDQIRUG HW DO 
*HEOLQJHUHWDO+RZHYHUDOOWKHLUELQGLQJHQHUJLHVZHUHXVHGIURPIXOODWRPPROHFXODU
G\QDPLFVVLPXODWLRQRUH[SHULPHQWDOUHVXOWV*LULIDOFRHWDO*LULIDOFRHWDOREWDLQHGWKH
FRKHVLYHHQHUJ\EHWZHHQWZRSDUDOOHODQGVDPHUDGLL6:&17VXVLQJDWRPLVWLFPRGHOV
,Q WKLV OHWWHU WKH ELQGLQJ HQHUJ\ EHWZHHQ WZR SDUDOOHO DQG WZR FURVVLQJ 6:&17V DQG
0:&17VLVREWDLQHGIURPDFRQWLQXXPPRGHOEDVHGRQWKH/HQQDUG-RQHV/-SRWHQWLDO7KH
DQDO\WLFDOH[SUHVVLRQVDUHYDOLGDWHGE\FRPSDULQJZLWKRXUIXOODWRPPROHFXODUG\QDPLFV0'
VLPXODWLRQV7KHFULWLFDO OHQJWKIRU WKHPHFKDQLFDOVWDELOLW\DQGDGKHVLRQRI WKH WZR&17VKDV
EHHQDOVRGHWHUPLQHG
5HVXOWVDQGGLVFXVVLRQ
)LJ  VKRZV WKH WZR SDUDOOHO&17V )LJ E DQG WZR FURVVLQJ&17V )LJ F XQGHU
DGKHUHQWFRQGLWLRQVLQZKLFKWKHWZR&17UDGLLFRXOGEHGLIIHUHQW7RGHWHUPLQHWKHFULWLFDODQG
VWDEOH OHQJWKZKHUH WKH WZR&17VGRQRWFRQWDFW WRJHWKHUDQDQDO\WLFDOPRGHO LVSUHVHQWHG LQ
WKLV SDSHU DQG WKH FRUUHVSRQGLQJ JHRPHWU\ RI WKH SUREOHP LV SORWWHG LQ )LJ  6RPH
DVVXPSWLRQVDUHSURSRVHGWRVLPSOLI\WKHSUREOHP7KHWZR&17VDUHWDNHQDVWZRFDQWLOHYHU
EHDPV DQG WKH VKHDU GHIRUPDWLRQ LV QHJOHFWHG  7KH FORVHVW GLVWDQFH EHWZHHQ WKH DGKHUHQW
FRPSRQHQWV RI WKH WZR&17V LV WDNHQ DV ]HUR RU D FRQVWDQW G ZKLFK GRHV QRW LQIOXHQFH WKH
UHVXOWV7KHUDGLLRI&17VDQGWKHGLVSODFHPHQWEHWZHHQWKHWZR&17VDUHERWKIDUOHVVWKDQ
WKHOHQJWK/WKDWLVWRVD\/DSSUR[LPDWHO\HTXDOVWRVOXQGHUDGKHUHQWFRQGLWLRQ
94 
 
 
)LJ6FKHPDWLFGLDJUDPVVKRZLQJWKHIDEULFDWLRQSURFHVVRI&17VHOHFWURQLFGHYLFHVDQGWKHJHRPHWU\RIWZR
SDUDOOHODQGWZRFURVVLQJ&17VXQGHUDGKHUHQWFRQGLWLRQVD7KHIDEULFDWLRQSURFHVVRI&17VHOHFWURQLFGHYLFHV
=KDRHWDOEWZRSDUDOOHO&17VFWZRFURVVLQJ&17V
$VVKRZQLQ)LJEWKHWRWDOHQHUJ\LVFRPSRVHGRIHODVWLFHQHUJ\DQGDGKHVLRQHQHUJ\
 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
ZKHUH8&178&17DQGȖDUHHODVWLFHQHUJ\RI&17DQG&17DVZHOODVELQGLQJHQHUJ\SHU
XQLWOHQJWKUHVSHFWLYHO\
%DVHGRQWKHSUHVHQWERXQGDU\FRQGLWLRQWKHWRWDOHQHUJ\RI(T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LQHUWLDRI&17DQG&17
)RUD6:&17WKHEHQGLQJVWLIIQHVVRIWKHEHDPLV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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6LPLODUO\WKHWRWDOHQHUJ\EHWZHHQWZRFURVVLQJ0:&17VFDQEHREWDLQHG
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      FRVG L M M L7 U U L M K U UTª º       « »¬ ¼ D LV WKHVDPHZLWK WKDW LQ(T DQG
WKHRWKHUSDUDPHWHUVDUHWKHVDPHZLWKWKRVHLQ(T
     
)LJ7KHELQGLQJHQHUJ\GLVWULEXWLRQZLWK&17UDGLXVEHWZHHQWZRSDUDOOHO0:&17VDQGWZRFURVVLQJ
0:&17VDWZRVDPHUDGLL0:&17VEWZRGLIIHUHQWUDGLL0:&17V
)LJVKRZVWKHELQGLQJHQHUJ\EHWZHHQWZRSDUDOOHO0:&17VDQGWZRFURVVLQJ0:&17V
LQZKLFK WKH LQQHUPRVW&17 LV WKH &177KHELQGLQJHQHUJ\QRQOLQHDUO\ LQFUHDVHVZLWK
LQFUHDVLQJQXPEHURIZDOOV
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
)LJD7KHEHQGLQJVWLIIQHVVRID&17E\IXOODWRP0'VLPXODWLRQE7KHFULWLFDOOHQJWKDQGVWDEOH
OHQJWKIRUWZRSDUDOOHO6:&17VDQGWZRFURVVLQJ6:&17VEDVHGRQRXUDQDO\WLFDOUHVXOWVDQGIXOODWRP0'
VLPXODWLRQV

)LJ7KHFULWLFDOOHQJWKDQGVWDEOHOHQJWKZLWKQXPEHURIZDOOVIRUWZRSDUDOOHO0:&17VDQGWZRFURVVLQJ
0:&17VEDVHGRQRXUDQDO\WLFDOUHVXOWV
)LJVKRZVWKHFULWLFDO OHQJWKDQGVWDEOHOHQJWKIRU WZRSDUDOOHO6:&17VDQGWZRFURVVLQJ
6:&17VEDVHGRQRXUDQDO\WLFDO UHVXOWVDQGIXOODWRP0'VLPXODWLRQV7KHEHQGLQJVWLIIQHVV
(, î-PRIWKH&17LVREWDLQHGE\RXU0'UHVXOWVZLWK$,5(%2SRWHQWLDOVHH
)LJDZKLFKLVFORVHWRWKHDYDLODEOHYDOXHî-PIURPSUHYLRXVZRUN=KRXHWDO
8EHQGLQJLVWKHEHQGLQJHQHUJ\SHUXQLWOHQJWKDQGțLVWKHULQZKLFKULVWKHFXUYDWXUH
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UDGLXVDQGWKH&17OHQJWKLVHTXDOWRQPLQ)LJD=KDRHWDO:HILQGWKDW
WKH SUHVHQW DQDO\WLFDO UHVXOWV DUH LQ JRRG DJUHHPHQWZLWK WKRVH IURP0' VLPXODWLRQV IRU WZR
SDUDOOHO  &17V LQ )LJ E )LJ  VKRZV WKH FULWLFDO OHQJWK DQG VWDEOH OHQJWK IRU WZR
SDUDOOHO 0:&17V DQG WZR FURVVLQJ 0:&17V EDVHG RQ RXU DQDO\WLFDO UHVXOWV )RU D JLYHQ
GLVWDQFH WKH GLVWDQFH EHWZHHQ WKH WZR RXWPRVW &17V LQ WKH WZR0:&17V )LJ  WKH
FULWLFDOOHQJWKDQGVWDEOHOHQJWKERWKQRQOLQHDUO\LQFUHDVHZLWKLQFUHDVLQJQXPEHURIZDOOV
&RQFOXVLRQ
,Q VXPPDU\ WKHELQGLQJHQHUJ\EHWZHHQ WZRSDUDOOHO DQG WZRFURVVLQJ VLQJOHZDOOHG DQG
PXOWLZDOOHG FDUERQ QDQRWXEHV &17V LV REWDLQHG E\ FRQWLQXXP PRGHOLQJ RI WKH YG:
LQWHUDFWLRQVEHWZHHQWKHP7KHGHSHQGHQFHRIWKHELQGLQJHQHUJ\RQWKHLUGLDPHWHUVQXPEHURI
ZDOOV DQG FURVVLQJ DQJOHV LV V\VWHPDWLFDOO\ DQDO\]HG 7KH FULWLFDO OHQJWK IRU WKH PHFKDQLFDO
VWDELOLW\DQGDGKHVLRQRIWKH&17VKDVEHHQGHWHUPLQHGE\WKHIXQFWLRQRI(L,LKDQGȖZKHUH
(L,L K DQG Ȗ DUH WKH &17V EHQGLQJ VWLIIQHVV GLVWDQFH DQG ELQGLQJ HQHUJ\ EHWZHHQ WKHP
&KHFNLQJDJDLQVW IXOO DWRPPROHFXODUG\QDPLFV FDOFXODWLRQV VKRZ WKDW WKHFRQWLQXXPVROXWLRQ
KDV KLJK DFFXUDF\ 7KH HVWDEOLVKHG DQDO\WLFDO VROXWLRQV VKRXOG EH RI JUHDW KHOS IRU GHVLJQLQJ
QDQRHOHFWURPHFKDQLFDOGHYLFHV
5HIHUHQFHV
$MD\DQ30%DQKDUW)6WURQJEXQGOHV1DW0DWHU
%DXJKPDQ5+=DNKLGRY$$GH+HHU:$&DUERQQDQRWXEHVWKHURXWHWRZDUGDSSOLFDWLRQV6FLHQFH

%URQLNRZVNL0&9'JURZWKRIFDUERQQDQRWXEHEXQGOHDUUD\V&DUERQ
&KDQJ7*DR+6L]HGHSHQGHQWHODVWLFSURSHUWLHVRIDVLQJOHZDOOHGFDUERQQDQRWXEHYLDDPROHFXODU
PHFKDQLFVPRGHO-0HFK3K\V6ROLGV
&KHQ%*DR0=XR-04X6/LX%+XDQJ<%LQGLQJHQHUJ\RISDUDOOHOFDUERQQDQRWXEHV$SSO
3K\V/HWW
&UDQIRUG66HQ'%XHKOHU0-0HVRRULJDPLIROGLQJPXOWLOD\HUJUDSKHQHVKHHWV$SSO3K\V/HWW

&UDQIRUG 6 <DR + 2UWL] & %XHKOHU 0-  $ VLQJOH GHJUHH RI IUHHGRP µOROOLSRS¶ PRGHO IRU FDUERQ
QDQRWXEHEXQGOHIRUPDWLRQ-0HFK3K\V6ROLGV
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*HEOLQJHU1,VPDFK$-RVHOHYLFK(6HOIRUJDQL]HGQDQRWXEHVHUSHQWLQHV1DW1DQRWHFKQRO
*LULIDOFR/$+RGDN0/HH5&DUERQQDQRWXEHVEXFN\EDOOVURSHVDQGDXQLYHUVDOJUDSKLWLFSRWHQWLDO
3K\V5HY%
,LMLPD6+HOLFDOPLFURWXEXOHVRIJUDSKLWLFFDUERQ1DWXUH
.LV$ &VDQ\L* 6DOYHWDW -3 /HH71 &RXWHDX (.XOLN $- %HQRLW: %UXJJHU - )RUUR / 
5HLQIRUFHPHQWRIVLQJOHZDOOHGFDUERQQDQRWXEHEXQGOHVE\LQWHUWXEHEULGJLQJ1DW0DWHU
/L&<&KRX7: $ VWUXFWXUDOPHFKDQLFV DSSURDFK IRU WKH DQDO\VLV RI FDUERQQDQRWXEHV ,QW -6ROLGV
6WUXFW
/L+*XR:7UDQVYHUVHO\LVRWURSLFHODVWLFSURSHUWLHVRIVLQJOHZDOOHGFDUERQQDQRWXEHVE\DUHFWDQJXODU
EHDPPRGHOIRUWKH&&ERQGV-$SSO3K\V
0RGL$.RUDWNDU1/DVV(:HL%4$MD\DQ300LQLDWXUL]HGJDVLRQL]DWLRQVQVRUVXVLQJFDUERQ
QDQRWXEHV1DWXUH
3DQWDQR$%R\FH0&3DUNV'01RQOLQHDUVWUXFWXUDOPHFKDQLFVEDVHGPRGHOLQJRIFDUERQQDQRWXEH
GHIRUPDWLRQ3K\V5HY/HWW
3DQWDQR$3DUNV'0%R\FH0&0HFKDQLFVRIGHIRUPDWLRQRIVLQJOHDQGPXOWLZDOOFDUERQQDQRWXEHV
-0HFK3K\V6ROLGV
5X &4 (IIHFW RI YDQ GHU :DDOV IRUFHV RQ D[LDO EXFNOLQJ RI D GRXEOHZDOOHG FDUERQ QDQRWXEH - $SSO 3K\V

5X&4$[LDOO\FRPSUHVVHGEXFNOLQJRIDGRXEOHZDOOHGFDUERQQDQRWXEHHPEHGGHGLQDQHODVWLFPHGLXP-
0HFK3K\V6ROLGV
7LPRVKHQNR60DFFXOORXJK*+(OHPHQWVRI6WUHQJWKRI0DWHULDOV9DQ1RVWUDQG1HZ<RUN
;LH%/LX<'LQJ<=KHQJ4;X=0HFKDQLFVRIFDUERQQDQRWXEHQHWZRUNVPLFURVWUXWXUDO
HYROXWLRQDQGRSWLPDOGHVLJQ6RIW0DWWHU
<DNREVRQ%,%UDEHF&-%HUQKROF-1DQRPHFKDQLFVRIFDUERQWXEHVLQVWDELOLW\EH\RQGOLQHDUUHVSRQVH
3K\V5HY/HWW
=KDR--LDQJ-:-LD<*XR:5DEF]XN7$WKHRUHWLFDODQDO\VLVRIFRKHVLYHHQHUJ\EHWZHHQFDUERQ
QDQRWXEHVJUDSKHQHDQGVXEVWUDWHV&DUERQDFFHSW
=KRX:+XDQJ</LX%+ZDQJ.&=XR-0%XHKOHU0-*DR+6HOIIROGLQJRIVLQJOHDQG
PXOWLZDOOFDUERQQDQRWXEHV$SSO3K\V/HWW


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&KDSWHU
6L]HGHSHQGHQW HODVWLF SURSHUWLHV RI FU\VWDOOLQH SRO\PHUV YLD D PROHFXODU
PHFKDQLFVPRGHO
$EVWUDFW
$Q DQDO\WLFDOPROHFXODUPHFKDQLFVPRGHO LV GHYHORSHG WR REWDLQ WKH VL]HGHSHQGHQW HODVWLF
SURSHUWLHV RI FU\VWDOOLQH SRO\HWK\OHQH $Q HIIHFWLYH ³VWLFNVSLUDO´ PRGHO LV DGRSWHG LQ WKH
SRO\PHUFKDLQ([SOLFLWHTXDWLRQVDUHGHULYHGIURPWKH/HQQDUG-RQHVSRWHQWLDOIXQFWLRQIRUWKH
YDQGHU:DDOVIRUFHEHWZHHQDQ\WZRSRO\PHUFKDLQV%\XVLQJWKHGHULYHGIRUPXODVWKHQLQH
VL]HGHSHQGHQWHODVWLFFRQVWDQWVDUHLQYHVWLJDWHGV\VWHPDWLFDOO\7KHSUHVHQWDQDO\WLFDOUHVXOWVDUH
LQ UHDVRQDEOHDJUHHPHQWZLWK WKRVHIURPSUHVHQWXQLWHGDWRPPROHFXODUG\QDPLFVVLPXODWLRQV
7KHHVWDEOLVKHGDQDO\WLFDOPRGHOSURYLGHVDQHIILFLHQW URXWH IRUPHFKDQLFDOFKDUDFWHUL]DWLRQRI
FU\VWDOOLQHSRO\PHUVDQGUHODWHGPDWHULDOVWRZDUGQDQRHOHFWURPHFKDQLFDODSSOLFDWLRQV
,QWURGXFWLRQ
&U\VWDOOLQHSRO\HWK\OHQH3(LVLQFUHDVLQJO\XVHGLQPRGHUQLQGXVWU\DVVWUXFWXUDOPDWHULDOV
GXHWRLWVLPSRUWDQWPHFKDQLFDODQGSK\VLFDOSURSHUWLHV'HVSLWHLWVLPSRUWDQFHDQGWKHVWXGLHVRI
DYDLODEOHPROHFXODUG\QDPLFV0'VLPXODWLRQVDQGFRQVWLWXWLYHPRGHOV.DUDVDZDHWDO
=KDRHWDO1LNRORYHWDOWKHOLQNEHWZHHQPROHFXODUDQGFRQWLQXXPGHVFULSWLRQV
RI LWV PHFKDQLFDO SURSHUWLHV LV VWLOO QRW ZHOO HVWDEOLVKHG ,Q RUGHU WR RYHUFRPH OLPLWDWLRQV RI
DWRPLVWLF VLPXODWLRQV DQG FRQWLQXXP PRGHOV D ³VWLFNVSLUDO´ PRGHO &KDQJ DQG *DR 
EDVHGRQLQWHUDWRPLFSRWHQWLDOVKDVEHHQHIIHFWLYHO\GHYHORSHGIRUGLIIHUHQWQDQRWXEHV&KDQJHW
DO-LDQJDQG*XR+RZHYHUWKHYDQGHU:DDOVYG:LQWHUDFWLRQVKDYHDFUXFLDO
HIIHFW RQ WKH HODVWLF SURSHUWLHV LQ FU\VWDOOLQH3( )LJ ZKLOH WKH YG: LQWHUDFWLRQV FDQ EH
QHJOHFWHGLQWKH³VWLFNVSLUDO´PRGHO&KDQJDQG*DR-LDQJDQG*XRLQYLHZRIWKH
VPDOO GHIRUPDWLRQ LQ D VLQJOHZDOOHG QDQRWXEH 7R H[WHQG WKH DQDO\WLFDO PRGHO WR PRUH
FRPSOLFDWHGSRO\PHUVZHSUHVHQWDQ LPSURYHGPRGHO WR LQYHVWLJDWH WKHVL]HGHSHQGHQWHODVWLF
SURSHUWLHVRIFU\VWDOOLQH3(
                                                          
 7KHZRUNKDVEHHQSXEOLVKHGRQ$SSOLHG3K\VLFV/HWWHUV!!
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
)LJ*HRPHWU\RIDVLQJOHFU\VWDOOLQH3(DQGFRUUHVSRQGLQJFRRUGLQDWHVDHDFKSRO\PHUFKDLQ¶VSRVLWLRQYLHZ
LQ[R\SODQHEWKUHHGLPHQVLRQDOVWUXFWXUH
,Q WKLV OHWWHUZHXVH WKH³VWLFNVSLUDO´PRGHO WR VLPXODWHXQLWHGDWRP8$&+&+ERQGV
VWUHWFKLQJDQJOHEHQGLQJSRWHQWLDOVDORQJWKHSRO\PHUFKDLQRU]GLUHFWLRQZKLOHWKHYG:IRUFH
EHWZHHQDQ\WZRSRO\PHUFKDLQVFDQEHGLUHFWO\FDOFXODWHG5X+HHWDO/XHWDO
EDVHGRQWKH/HQQDUG-RQHV/-SDLUSRWHQWLDOIXQFWLRQV
5HVXOWVDQGGLVFXVVLRQ
,Q WKH IUDPHZRUN RI PROHFXODU G\QDPLFV WKH WRWDO HQHUJ\8 RI D FU\VWDOOLQH 3( DW VPDOO
VWUDLQVDORQJ]GLUHFWLRQFDQEHH[SUHVVHGDVDVXPRIHQHUJLHVDVVRFLDWHGZLWKWKHYDULDQFHRI
ERQGOHQJWK8EDQGERQGDQJOH8șLH&KDQJDQG*DR
     
 E E L ML M
8 8 8 . GE . GT T T   ¦ ¦ 
ZKHUHGELLVWKHERQGHORQJDWLRQRIERQGLDQGGșMLVWKHYDULDQFHRIERQGDQJOHMDQG.EDQG.ș
DUHWKHUHODWHGIRUFHFRQVWDQW
7RREWDLQWKHHTXLOLEULXPHTXDWLRQVRIWKHVWUXFWXUHDORQJ]GLUHFWLRQXQGHUWHQVLRQZHDGRSW
WKH ³VWLFNVSLUDO´ PRGHO GHYHORSHG E\ &KDQJ DQG *DR  $V VKRZQ LQ )LJ  IRUFH
HTXLOLEULXPRIERQGH[WHQVLRQDQGPRPHQWHTXLOLEULXPOHDGWR

VLQ

FRV
 
EI . GE
EI . GT
D
D D
­ § ·  ¨ ¸°° © ¹® § ·°  ¨ ¸° © ¹¯

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ZKHUHILVWKHH[WHUQDOIRUFHLQ]GLUHFWLRQRQRQHSRO\PHUFKDLQ

)LJ6FKHPDWLFLOOXVWUDWLRQRISRO\PHUFKDLQXQGHU]WHQVLRQ
:HGHILQHWKH]GLUHFWLRQVWUDLQDV



 VLQ FRV 
 VLQ  VLQ
 
E
]
G E E .
GE
EE .T
D D
H D D
§ · § ·¨ ¸ ¨ ¸© ¹  ¨ ¸¨ ¸© ¹
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ZKHUH D DQG E GHQRWH WKH FHOO OHQJWKP DQG Q DUH WKH QXPEHU RI FHOOV DORQJ WKH [ DQG \
GLUHFWLRQUHVSHFWLYHO\
:HILQGWKDWWKHUHVXOWRI&LQRQHFHOOZLUHP Q DQGSHULRGLFERXQGDU\LQ]GLUHFWLRQ
LVDERXWWLPHVKLJKHUWKDQWKDWRILQEXON3(PĺQĺZKLOH&LVLQGHSHQGHQWRIWKH
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WKLFNQHVV LQ ] GLUHFWLRQ 7KH FRQVWDQWV Į .E  .FDOPROc DQG.ș  .FDOPRO
:DKHHG6KHSKHUGDUHDGRSWHGKHUHDQGLQWKHODWWHU8$0'VLPXODWLRQV
7RPRGHOYG:LQWHUDFWLRQEHWZHHQDQ\WZRFKDLQVRIFU\VWDOOLQH3(WKH/-SDLUSRWHQWLDO8/-
LVDGRSWHGDV+HHWDO
 
/-8 U U
V Vª º§ · § ·  « »¨ ¸ ¨ ¸© ¹ © ¹« »¬ ¼ ZKHUHULVWKHGLVWDQFHEHWZHHQWKH
LQWHUDFWLQJ DWRPV WKH GHSWK RI WKH SRWHQWLDO DQG ı D SDUDPHWHU WKDW LV GHWHUPLQHG E\ WKH
HTXLOLEULXPGLVWDQFH+HUHZHXVH WKHDYDOLDEOH/-SRWHQWLDO¶VSDUDPHWHUVRIı c DQG
 .FDOPRO:DKHHG6KHSKHUG
7KH YG: IRUFH )YG: FDQ EH REWDLQHG IURP WDNLQJ WKH GHULYDWLYH RI WKH /- SDLU SRWHQWLDO
    /-YGZ G8) U GU U U
V V
V
ª º § · § ·   « »¨ ¸ ¨ ¸© ¹ © ¹« »¬ ¼
 ,W VKRXOG EH QRWHG WKDW WKH QHJDWLYH YDOXH RI WKH
YG:IRUFHUHSUHVHQWVWKHDWWUDFWLYHIRUFHRIDQDSSURDFKLQJSDLURIDWRPVIURPDFHUWDLQGLVWDQFH
ZKHUHDVWKHSRVLWLYHYDOXHUHSUHVHQWVWKHUHSXOVLYHIRUFHEHWZHHQDSDLURIDWRPV
7KHYG:IRUFHH[HUWHGRQDQ\EHDG&+RIDSRO\PHUFKDLQFDQEHHVWLPDWHGE\VXPPLQJ
DOOIRUFHVEHWZHHQWKHEHDGDQGDOOEHDGVRQWKHRWKHUFKDLQV7RVLPSOLI\ WKHFDOFXODWLRQVZH
FRQVLGHU WKH FKDLQ DV D VWUDLJKW FRQWLQXXP VWLFN +H HW DO  DQG QRWH WKDW HDFK EHDG
FRUUHVSRQGV WR WKH OHQJWK RI O EVLQĮ F F LV WKH FHOO OHQJWK DORQJ ]GLUHFWLRQ LQ )LJ
E7KXVWKHLQWHJUDWLRQRI)YG:RYHUWKHHQWLUHFKDLQOHDGVWRDQDQDO\WLFDOUHSUHVHQWDWLRQIRU
WKHLQLWLDOIRUFHFRQWULEXWLRQILMFDXVHGE\WKHYG:LQWHUDFWLRQ
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ZKHUHFRVș UU] UVLQș/LVWKHOHQJWKDORQJ]GLUHFWLRQULVWKHLQLWLDOGLVSODFHPHQWEHWZHHQ
WZRSRO\PHUFKDLQVSLM LV WKHIRUFHSHUXQLW OHQJWKRIDFKDLQ%HFDXVH WKHGLVWULEXWLRQVRI WKH
YG: IRUFH)YG: DQG LWV JUDGLHQWG)YG:GU EHWZHHQ WZR SRO\PHU EHDGV DUH ERWK FORVH WR ]HUR
ZKHQU!cZHRQO\FRQVLGHUWKHYG:LQWHUDFWLRQZLWKWKHLQLWLDOGLVSODFHPHQWUc
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,QYLHZRIWKHFU\VWDOOLQH3(LQWKH31$0VSDFHJURXSWKHQLQHLQGHSHQGHQWHODVWLFFRQVWDQWV
& & & & & & & & & & & DQG & VKRXOG EH LQ WKH HODVWLF PDWUL[
.DUDVDZD HW DO  7KH IRXU NLQGV RI SRVLWLRQV FKDQJH EHWZHHQ WZR SRO\PHU FKDLQV DUH
SORWWHGLQ)LJXQGHUWKHVL[GLUHFWLRQVWUDLQVUHVSHFWLYHO\

)LJ6FKHPDWLFLOOXVWUDWLRQRIWKHSRVLWLRQFKDQJHEHWZHHQWZR³VWLFNV´LQRQH3(FHOODIWHUGHIRUPDWLRQD
XQGHU[RU\WHQVLRQRU\[VKHDUEXQGHU]WHQVLRQFDQ\WZRFRUQHUVWLFNVXQGHU][RU]\VKHDUGEHWZHHQ
FRUQHUDQGFHQWHUVWLFNVXQGHU][RU]\VKHDU
:KHQWKHVWUDLQLQWKH[GLUHFWLRQLVİ[VHH)LJDWKH&DQG&FDQEHH[SUHVVHGDV
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7KHPHWKRG XQGHU ]\ VKHDU LV VLPLODU WR WKDW RI XQGHU ][ VKHDU LQZKLFK WKH IRUFH LQFUHPHQW
DORQJ\GLUHFWLRQFDQEHREWDLQHGE\UHSODFLQJșZLWKș
7RYDOLGDWHWKHSUHVHQWDQDO\WLFDOPRGHOWKH.DUDVDZDHWDO¶V0&3(.DUDVDZDHWDO
RIVXSHUFHOOîîVWUXFWXUHLVEXLOWIURP0DWHULDOV6WXGLR06YHUVLRQ$YLWDELOHHWDO
 DV WKH LQLWLDO 8$ VWUXFWXUH $IWHUZDUGV WKH QLQH LQGHSHQGHQW HODVWLF FRQVWDQWV DUH
FDOFXODWHG WKURXJK WKH 0' VLPXODWLRQV 3OLPSWRQ  LQ  . XQGHU SHULRGLF ERXQGDU\
FRQGLWLRQEDVHGRQWKH5D\DQG0RRG\¶VPHWKRG
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7$%/(1LQHHODVWLFFRQVWDQWV*3DRISUHVHQWDQDO\WLFDOPRGHOXQLWHGDWRPPROHFXODUG\QDPLFVUHVXOWVDQG
.DUDVDZDHWDO¶VDOODWRPPROHFXODUG\QDPLFVFDOFXODWLRQVIRUEXON3(
(ODFWLFFRQVWDQWV & & & & & & & & &
$QDOSXUH/-         
$QDODOOSRWHQWLDO         
0'SXUH/-         
0'DOOSRWHQWLDO         
.DUDVDZD0&         

 
)LJ(LJKWVL]HGHSHQGHQWHODVWLFFRQVWDQWVZLWKGLIIHUHQWWKLFNQHVVDORQJ]GLUHFWLRQXVLQJWKHSUHVHQWDQDO\WLFDO
PRGHO
:HILQGWKDWWKHPRVWHODVWLFFRQVWDQWVXVLQJWKHSUHVHQW8$0'VLPXODWLRQVRIDOOSRWHQWLDOV
LQFOXGHDOOERQGDQJOHDQG/-SRWHQWLDOVDUHYHU\GLIIHUHQWZLWKWKRVHRI.DUDVDZDHWDO¶VDOO
DWRP0'FDOFXODWLRQV.DUDVDZDHWDOLQ7DEOH,7KHSRVVLEOHUHDVRQLVWKDWWKHSUHVHQW
DQDO\WLFDO PRGHO LV EDVHG RQ WKH 8$ SRWHQWLDOV LQ ZKLFK WKH WRUVLRQ SRWHQWLDO RXWRISODQH
EHQGLQJ SRWHQWLDOV DQG FRXORPE LQWHUDFWLRQV DUH QHJOHFWHG 7KHUHIRUH ZH VKRXOG FRPSDUH
SUHVHQWDQDO\WLFDOPRGHOZLWK8$0'VLPXODWLRQV&RPSDUHGZLWKWKHWZR8$0'UHVXOWVXVLQJ
DOOSRWHQWLDOVDQGWKHSXUH/-SRWHQWLDOLQ7DEOHZHILQGWKDWWKHGLIIHUHQFHRIWKHYDOXHVRI
&&&&DQG&DUHODUJH ,W LQGLFDWHVWKDW WKHERQGDQGDQJOHSRWHQWLDOVKDYHDODUJH
HIIHFW RQ WKHVH HODVWLF FRQVWDQWV 7KH SUHVHQW DQDO\WLFDO UHVXOW &  *3D LV LQ H[FHOOHQW
DJUHHPHQWZLWK WKH YDOXH RI& *3DXVLQJ DOO SRWHQWLDOV¶8$0' VLPXODWLRQV 7KH
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DQDO\WLFDOYDOXHVRI&&&&DQG&DUHDOVRLQJRRGDJUHHPHQWZLWKWKRVHRIWKLV8$
0'PHWKRG ZKLOH WKH GLIIHUHQFH RI& DQG& DUH YHU\ ODUJH ,W LQGLFDWHV WKDW WKH SUHVHQW
DQDO\WLFDO PRGHO LV HIIHFWLYH WR SUHGLFW WKH PRVW HODVWLF FRQVWDQWV ZKLOH LW KDV OLPLWDWLRQV WR
SUHGLFW&DQG&2QHSRVVLEOHUHDVRQLVWKDWWKHVKHDUDQGWRUVLRQSURSHUWLHVRIWKH³VWLFN´LQ
WKHSUHVHQWDQDO\WLFDOPRGHODUHQHJOHFWHGDQRWKHUUHDVRQLVWKDWWKHSUHVHQWVLPSOLILHGVWUDLJKW
VWLFNKDVDOLWWOHHIIHFWRQWKHSUHGLFWLRQVRIWKHHODVWLFFRQVWDQWV
7RXQGHUVWDQGWKHVL]HGHSHQGHQWHODVWLFSURSHUWLHVRI3(WKHHIIHFWRIWKHSRO\PHUWKLFNQHVV
DORQJWKH]GLUHFWLRQRQWKHHODVWLFFRQVWDQWVLVIXUWKHUVWXGLHGLQ)LJLQZKLFKWKHSHULRGLF
ERXQGDU\LVRQO\DGRSWHGDORQJWKH[DQG\GLUHFWLRQV7KHHODVWLFFRQVWDQWVRI&&&DQG
&LQFUHDVHZLWKGHFUHDVLQJWKLFNQHVVZKLOH&DQG&GHFUHDVHZLWKGHFUHDVLQJLW7KHYDOXHV
RI&DQG&DUHERWKLQGHSHQGHQWRILW7KHUHVXOWVPHDQWKDWWKHFKDQJHWHQGHQF\RIWKHVL]H
GHSHQGHQWHODVWLFFRQVWDQWVLVQRWLQDFFRUGDQFHZLWKRQHDQRWKHUZKLFKVWURQJO\GHSHQGVRQWKH
ODWWLFH GLUHFWLRQ :KHQ /F! DOO RI WKH HODVWLF FRQVWDQWV DUH FORVH WR WKH FRUUHVSRQGLQJ
FRQVWDQWVLQ)LJUHVSHFWLYHO\
&RQFOXGLQJUHPDUNV
,Q VXPPDU\ RQ WKH EDVLV RI WKH PROHFXODU PHFKDQLFV DSSURDFK ZH SUHVHQW DQ DQDO\WLFDO
PRGHOWRREWDLQWKHVL]HGHSHQGHQWHODVWLFSURSHUWLHVRIFU\VWDOOLQH3(:HREWDLQDVHWRIFORVHG
IRUPH[SUHVVLRQVIRUQLQHVL]HGHSHQGHQWHODVWLFFRQVWDQWVRIFU\VWDOOLQH3(&RPSDUHGZLWKWKH
SUHVHQWXQLWHGDWRPPROHFXODUG\QDPLFVFDOFXODWLRQVZHILQGWKDWWKHSUHVHQWDQDO\WLFDOPRGHO
FDQ EH XVHG WR HIIHFWLYHO\ VLPXODWH WKH YDQ GHU:DDOV LQWHUDFWLRQV EHWZHHQ DQ\ WZR SRO\PHU
FKDLQV 7KLVZRUN LV DQ QHZ HIIRUW WR HVWDEOLVK DQDO\WLFDOPRGHOV RIPROHFXODUPHFKDQLFV IRU
FU\VWDOOLQH SRO\PHUV DQG LV KHOSIXO IRU IXUWKHU DQDO\WLFDO VWXGLHV RI HODVWLF SURSHUWLHV RI RWKHU
FU\VWDOOLQHSRO\PHUV
5HIHUHQFHV
$YLWDELOH * 1DSROLWDQR 1 3LUR]]L % 5RXVH .' 7KRPDV0::LOOLV %70  /RZ WHPSHUDWXUH
FU\VWDOVWUXFWXUHRISRO\HWK\OHQH5HVXOWVIURPDQHXWURQGLIIUDFWLRQVWXG\DQGIURPSRWHQWLDOHQHUJ\FDOFXODWLRQV-
3RO\PHU6FL3RO\P/HWW(G
&KDQJ 7 *DR +  6L]HGHSHQGHQW HODVWLF SURSHUWLHV RI D VLQJOHZDOOHG FDUERQ QDQRWXEH YLD DPROHFXODU
PHFKDQLFVPRGHO-0HFK3K\V6ROLGV
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&KDQJ 7 *HQJ - *XR ;  &KLUDOLW\ DQG VL]HGHSHQGHQW HODVWLF SURSHUWLHV RI VLQJOHZDOOHG FDUERQ
QDQRWXEHV$SSO3K\V/HWW
+H;4.LWLSRUQFKDL 6 /LHZ.0 %XFNOLQJ DQDO\VLV RIPXOWLZDOOHG FDUERQ QDQRWXEHV D FRQWLQXXP
PRGHODFFRXQWLQJIRUYDQGHU:DDOVLQWHUDFWLRQ-0HFK3K\V6ROLGV
-LDQJ/*XR:$PROHFXODUPHFKDQLFVVWXG\RQVL]HGHSHQGHQWHODVWLFSURSHUWLHVRIVLQJOHZDOOHGERURQ
QLWULGHQDQRWXEHV-0HFK3K\V6ROLGV
.DUDVDZD 1 'DVJXSWD 6 *RGGDUG ,,, :$  0HFKDQLFDO SURSHUWLHV DQG IRUFH ILHOG SDUDPHWHUV IRU
SRO\HWK\OHQHFU\VWDO-3K\V&KHP
/L+*XR:7UDQVYHUVHO\LVRWURSLFHODVWLFSURSHUWLHVRIVLQJOHZDOOHGFDUERQQDQRWXEHVE\DUHFWDQJXODU
EHDPPRGHOIRUWKH&&ERQGV-$SSO3K\V
/X:%/LX%:X-;LDR-+ZDQJ.&)X6<+XDQJ<&RQWLQXXPPRGHOLQJRIYDQGHU:DDOV
LQWHUDFWLRQVEHWZHHQFDUERQQDQRWXEHZDOOV$SSO3K\V/HWW
1LNRORY6'RJKUL,3LHUDUG2=HDORXN/*ROGEHUJ$0XOWLVFDOHFRQVWLWXWLYHPRGHOLQJRIWKHVPDOO
GHIRUPDWLRQVRIVHPLFU\VWDOOLQHSRO\PHUV-0HFK3K\V6ROLGV
3OLPSWRQ6)DVWSDUDOOHODOJRULWKPVIRUVKRUWUDQJHPROHFXODUG\QDPLFV-&RPSXW3K\V
5D\ -5 0RRG\ 0&  0ROHFXODU G\QDPLFV FDOFXODWLRQ RI HODVWLF FRQVWDQWV IRU D FU\VWDOOLQH V\VWHP LQ
HTXLOLEULXP3K\V5HY%
5X&4$[LDOO\FRPSUHVVHGEXFNOLQJRIDGRXEOHZDOOHGFDUERQQDQRWXEHHPEHGGHGLQDQHODVWLFPHGLXP-
0HFK3K\V6ROLGV
6KHSKHUG-(0XOWLVFDOHPRGHOLQJRI WKHGHIRUPDWLRQRIVHPLFU\VWDOOLQHSRO\PHUV3K' WKHVLV*HRUJLD
,QVWLWXWHRI7HFKQRORJ\86$
:DKHHG1 0ROHFXODUVLPXODWLRQRIFU\VWDOJURZWKLQDONDQHDQGSRO\HWK\OHQHPHOWV3K'WKHVLV&RUQHOO
8QLYHUVLW\86$
=KDR - 1DJDR 6 =KDQJ =/  7KHUPRPHFKDQLF\DO SURSHUWLHV GHSHQGHQFH RQ FKDLQ OHQJWK LQ EXON
SRO\HWK\OHQH&RDUVHJUDLQHGPROHFXODUG\QDPLFVVLPXODWLRQV-0DWHU5HV







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&KDSWHU
$ FRPSDUDWLYH VWXG\ RI WZR PROHFXODU PHFKDQLFV PRGHOV EDVHG RQ WKH
KDUPRQLFSRWHQWLDOV
$EVWUDFW
:H VKRZ WKDW WKH WZRPROHFXODUPHFKDQLFVPRGHOV WKH VWLFNVSLUDO DQG WKH EHDPPRGHOV
SUHGLFWFRQVLGHUDEO\GLIIHUHQWPHFKDQLFDOSURSHUWLHVRIPDWHULDOVEDVHGRQHQHUJ\HTXLYDOHQFH
7KHGLIIHUHQFHEHWZHHQ WKH WZRPRGHOV LV LQGHSHQGHQWRI WKHPDWHULDOVVLQFHDOOSDUDPHWHUVRI
WKHEHDPPRGHODUHREWDLQHGIURPWKHKDUPRQLFSRWHQWLDOV:HGHPRQVWUDWHWKLVGLIIHUHQFHIRU
ILQLWH ZLGWK JUDSKHQH QDQRULEERQV DQG D VLQJOH SRO\HWK\OHQH FKDLQ FRPSDULQJ UHVXOWV RI WKH
PROHFXODUG\QDPLFV0'VLPXODWLRQVZLWKKDUPRQLFSRWHQWLDOVDQG WKHILQLWHHOHPHQWPHWKRG
ZLWKWKHEHDPPRGHO:HDOVRILQGWKDW WKHGLIIHUHQFHVWURQJO\GHSHQGVRQWKHORDGLQJPRGHV
FKLUDOLW\DQGZLGWKRI WKHJUDSKHQHQDQRULEERQVDQG LW LQFUHDVHVZLWKGHFUHDVLQJZLGWKRI WKH
QDQRULEERQVXQGHUSXUHEHQGLQJFRQGLWLRQ7KHPD[LPXPGLIIHUHQFHRIWKHSUHGLFWHGPHFKDQLFDO
SURSHUWLHV XVLQJ WKH WZRPRGHOV FDQ H[FHHG LQ GLIIHUHQW ORDGLQJPRGHV&RPSDULQJ WKH
WZR PRGHOV ZLWK WKH 0' UHVXOWV RI $,5(%2 SRWHQWLDO ZH ILQG WKDW WKH VWLFNVSLUDO PRGHO
RYHUHVWLPDWHVDQGWKHEHDPPRGHOXQGHUHVWLPDWHVWKHPHFKDQLFDOSURSHUWLHVLQQDUURZDUPFKDLU
JUDSKHQHQDQRULEERQVXQGHUSXUHEHQGLQJFRQGLWLRQ

,QWURGXFWLRQ
+DUPRQLF SRWHQWLDOV KDYH EHHQ H[WHQWLYHO\ XVHG WR LQYHVWLJDWH WKHPHFKDQLFDO DQG SK\VLFDO
SURSHUWLHV RI YDULRXV PDWHULDOV LQ PROHFXODU PHFKDQLFV PRGHOV VXFK DV FDUERQ QDQRWXEHV
&17V ERURQQLWULGH QDQRWXEHV %17V JUDSKHQH VKHHWV DQG SRO\PHUV &KRSUD HW DO 
&KDQJDQG*DR/LDQG&KRX=KDRHWDO=KDRHWDO-LDQJDQG*XR
$WRPLVWLFEDVHGPHWKRGVVXFKDVFODVVLFDO0',LMLPDHWDO<DNREVRQHWDO
WLJKWELQGLQJ0' +HUQDQGH] HW DO  =KDR HW DO D DQG GHQVLW\ IXQFWLRQDO WKHRU\
6DQFKH]3RUWDOHWDO=KDQJHWDO=KDQJDQG*XRKDYHEHHQXVHGWRVWXG\
                                                          
 7KHZRUNKDVEHHQSXEOLVKHGRQ-RXUQDORI$SSOLHG3K\VLFV!!
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WKHPHFKDQLFDOSURSHUWLHVRI&17V%17VDQGQDQRULEERQV+RZHYHUFRPSDUHGZLWKERWWRPXS
DSSURDFKHVWRSGRZQDSSURDFKHVPD\VXEVWDQWLDOO\UHGXFHWKHFRPSXWDWLRQDOFRVWVDQGDUHWKXV
IUHTXHQWO\ XVHG LQ UHODWHG LQYHVWLJDWLRQV 5HFHQWO\ WKH PROHFXODU G\QDPLFV 0' VLPXODWLRQ
ZLWKKDUPRQLFSRWHQWLDOVFRXSOLQJILQLWHHOHPHQW)(PHWKRGKDYHEHHQPRUHDQGPRUHDSSOLHG
WRPXOWLVFDOHPRGHOLQJLQRUGHUWRFKDUDFWHUL]HWKHPHFKDQLFDOEHKDYLRURIWKHGLIIHUHQWPDWHULDOV
IURPQDQRVFDOH WRPLFURVFDOHPDFURVFDOH %DGLDHWDO'L0DWWHRHWDO%LDQDQG
:DQJVRWKHSUHGLFWLYHDELOLW\EDVHGRQWKHKDUPRQLFSRWHQWLDOVKDVVSHFLDOLPSRUWDQFH
6RPH W\SLFDO FRQWLQXXPPRGHOVEDVHGRQ WKHKDUPRQLFSRWHQWLDOVKDYHEHHQGHYHORSHGDQG
EURDGO\XVHGWRFODULI\WKHHODVWLFSURSHUWLHVRIWKHJUDSKHQHVKHHWV&17VDQG%17V+HUQDQGH]
HWDO9DFFDULQLHWDO5X&KDQJDQG*DR/LDQG&KRX7KUHH
NLQGVRIPRGHOVDUHXVXDOO\HPSOR\HG6KHOOPRGHOVKDYHEHHQXVHGWRFDSWXUHWKHEXFNOLQJ
FKDUDFWHUL]HVRI&17V<DNREVRQHWDO5X5X+HHWDO:DQJHWDO
:XHWDO7KHDSSOLFDELOLW\DQGOLPLWDWLRQVRIVKHOOPRGHOVKDYHEHHQH[WHQVLYHO\
GLVFXVVHG :DQJ  3HQJ HW DO  =KDQJ HW DO  &KDQJ  GHYHORSHG DQ
DQLVRWURSLFVKHOOPRGHOWRLQYHVWLJDWHPHFKDQLFDOEHKDYLRURIVLQJOHZDOOHG&17VLQZKLFKWKH
PRGHOFDQEHXVHGWRHIIHFWLYHO\GHVFULEHWKHFKLUDOLW\HIIHFWRQPHFKDQLFDOSURSHUWLHV7KH
EHDPPRGHOZDVGHYHORSHGE\/LDQG&KRX7KH\DVVXPHWKDWWKHEHDPHOHPHQWV
KDYH FLUFXODU FURVV VHFWLRQV DQG DUH DOZD\V VXEMHFWHG WR SXUH WHQVLRQ SXUH EHQGLQJ DQG SXUH
WRUVLRQ7KH WKHRU\ZDV IXUWKHU LPSURYHG 7VHUSHV DQG3DSDQLNRV;LD HW DO 7R
.DVWL-LDQJHWDODQGH[WHQGHG WRFDOFXODWH WKH ILYH LQGHSHQGHQWVL]HDQG
FKLUDOLW\GHSHQGHQWHODVWLFPRGXOLRIVLQJOHZDOOHG&17VXVLQJHTXLYDOHQWEHDPHOHPHQWVZLWK
UHFWDQJXODU VHFWLRQ /L DQG*XR 7KH ³VWLFNVSLUDO´PRGHO 660ZDV GHYHORSHGE\
&KDQJDQG*DR$QLPSURYHGPRGHOE\-LDQJDQG*XRZDVXVHGWRLQYHVWLJDWHWKH
HODVWLF SURSHUWLHV RI VLQJOHZDOOHG ERURQ QLWULGH QDQRWXEHV %\ H[WHQGLQJ WKH WZR DQDO\WLFDO
PHWKRGV WR FU\VWDOOLQH SRO\PHUV =KDR HW DO ZH SUHVHQWHG WKH 660 WR LQYHVWLJDWH WKH
VL]HGHSHQGHQWHODVWLFSURSHUWLHVRIFU\VWDOOLQHSRO\HWK\OHQH3(=KDRHWDO%DVHGRQ
WKHXQLWHGDWRP0'VLPXODWLRQVZHIXUWKHUYHULILHGWKHHIIHFWLYLW\RIWKH660LQWKHFU\VWDOOLQH
SRO\PHUVGLUHFWO\&DSDOGLHWDO=KDRHWDO,QWKLVZRUNZHXWLOL]HGDXQLWHGDWRP
DSSUR[LPDWLRQLQZKLFKWKHPHWK\OJURXSV&+DUHUHSUHVHQWHGE\DVLQJOH³DWRP´RUXQLWDQG
WKHHIIHFWRIWKHK\GURJHQDWRPVRQWKHSRO\PHU¶VFRQILJXUDWLRQLVDFFRXQWHGIRULQWKHSRWHQWLDOV
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:DKHHG6KHSKHUG6XEVHTXHQWO\ZHH[WHQGHG WKHEHDPVSULQJPRGHO WRREWDLQ
WKHHODVWLFSURSHUWLHVRIFU\VWDOOLQH3(=KDRHWDO
.DVWL  IRXQG WKDW WKH EHDP EHQGLQJ VWLIIQHVV %%6 (,E ZKHUH ( LV WKH <RXQJ¶V
PRGXOXVE LV WKHEHDP OHQJWKDQG , LV WKHPRPHQWRI LQHUWLDRI WKHEHDPVHHVHFWLRQ LV
HTXDO WR WKH ERQG EHQGLQJ VWLIIQHVV .ș ZKLFK LV WKH ERQG DQJOH EHQGLQJ IRUFH FRQVWDQW VHH
VHFWLRQ  LQ ]LJ]DJ&17VZKLOH WKH%%6EHDPEHQGLQJ VWLIIQHVV LV RQO\ KDOI RI WKH ERQG
EHQGLQJ VWLIIQHVV.ș LQJUDSKHQH QDQRULEERQV7KLV GLVFRYHU\ZDV YHULILHG LQ WKH]LJ]DJ&17
DQGJUDSKHQHVKHHWEDVHGRQHQHUJ\HTXLYDOHQFH
$OWKRXJK WKH 660 DQG WKH EHDPPRGHOV KDYH EHHQ HIIHFWLYHO\ XVHG WR GHVFULEH WKH HODVWLF
SURSHUWLHVRI&17V%17VDQGJUDSKHQHVKHHWV/LDQG&KRX.DVWL/LDQG
*XR  -LDQJ DQG *XR  WKH GLIIHUHQFH RI WKHLU SUHGLFWLRQ DELOLW\ KDV QHYHU EHHQ
V\VWHPDWLFDOO\VWXGLHG
,Q WKLV SDSHUZH VWXG\ WKHPHFKDQLFDO SURSHUWLHV RI WKH ILQLWHZLGWK JUDSKHQH QDQRULEERQV
XQGHU GLIIHUHQW ORDGLQJ FRQGLWLRQV XVLQJ WKH WZR PRGHOV )LUVW ZH FRQVLGHU WKH 660 XQGHU
GLIIHUHQFH ORDGLQJFRQGLWLRQV7KHQ WKH%%6RI WKHJUDSKHQHQDQRULEERQV LVGHULYHG IURP WKH
HQHUJ\ HTXLYDOHQFH EHWZHHQ WKH WZRPRGHOV:H VKRZ WKDW WKH%%6 VWURQJO\ GHSHQGV RQ WKH
ORDGLQJ PRGHV DQG WKH FKLUDOLW\ LQ WKH ILQLWH ZLGWK JUDSKHQH QDQRULEERQV 7KH FORVHGIRUP
H[SUHVVLRQVRIWKHEHQGLQJVWLIIQHVVDUHGHULYHGXQGHUXQLIRUPWHQVLRQSXUHVKHDUSXUHEHQGLQJ
ORDGLQJ IRUFH FRXSOLQJ IRUFH DQG EHQGLQJ FRQGLWLRQV0RUHRYHU WKH%%6 RI WKH EHDPPRGHO
XQGHUGLIIHUHQW ORDGLQJ FRQGLWLRQV LV V\VWHPDWLFDOO\ VWXGLHG LQ WKH JUDSKHQHQDQRULEERQVXVLQJ
WKH 0' VLPXODWLRQ ZLWK SUHVHQW KDUPRQLF SRWHQWLDOV &KDQJ DQG *DR  DQG WKH )(
VLPXODWLRQ )LQDOO\ WKH UHVXOWV RI WKH 0' VLPXODWLRQ ZLWK KDUPRQLF SRWHQWLDOV DQG WKH )(
PHWKRGDUHFRPSDUHGZLWKWKRVHRIWKH0'UHVXOWVZLWK$,5(%2SRWHQWLDO
7KH SDSHU LV RUJDQL]HG DV IROORZV 6HFWLRQ  GHVFULEHV WKH 660 DQG WKH EHDPPRGHO LQ
DUPFKDLUDQG]LJ]DJJUDSKHQHQDQRULEERQVIRUGLIIHUHQWORDGLQJFRQGLWLRQV,Q6HFWLRQERWK
PRGHOVDUHYDOLGDWHGE\FRPSDULVRQ WR0'VLPXODWLRQVDQG)(UHVXOWV0RUHRYHUDVLQJOH3(
FKDLQXQGHUGLIIHUHQWORDGLQJFRQGLWLRQVLVLQYHVWLJDWHG7KHFRPSDULVRQRIWKHWZRPRGHOVZLWK
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0'VLPXODWLRQVXVLQJWKH$,5(%2SRWHQWLDOLVGLVFXVVHGLQVHFWLRQ7KHSDSHULVFRQFOXGHG
LQVHFWLRQ
7KHVWLFNVSLUDODQGEHDPPRGHOVLQJUDSKHQHQDQRULEERQV
,QWKHIUDPHZRUNRIPROHFXODUPHFKDQLFVWKHWRWDOHQHUJ\8RIJUDSKHQHDWVPDOOVWUDLQVFDQ
EHH[SUHVVHGDVDVXPRIHQHUJLHVDVVRFLDWHGZLWKWKHYDU\LQJERQGOHQJWK8EDQGERQGDQJOH
8șLH&KDQJDQG*DR
     
 E E L ML M
8 8 8 . GE . GT T T   ¦ ¦ 
ZKHUHGELLVWKHHORQJDWLRQRIERQGLDQGGșMLVWKHYDULDQFHRIWKHERQGDQJOHM.EDQG.șDUHWKH
FRUUHVSRQGLQJIRUFHFRQVWDQWV

)LJ7KHEHDPVWUXFWXUHVRIWKHDUPFKDLUDQGWKH]LJ]DJJUDSKHQHQDQRULEERQVLQWKH)(PHWKRGEDVHGRQWKH
EHDPHOHPHQWV/: / QP
7RHOXFLGDWHWKHGLIIHUHQFHEHWZHHQWKH660DQGWKHEHDPPRGHOZHDQDO\]HWKHUHODWLRQRI
WKH WZR PRGHOV LQ DUPFKDLU DQG ]LJ]DJ JUDSKHQH QDQRULEERQV VHH )LJ  XQGHU GLIIHUHQW
ORDGLQJFRQGLWLRQV
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 7KH FRPSDULVRQ EHWZHHQ VWLFNVSLUDO DQG EHDP PRGHOV XQGHU WKH FRXSOLQJ IRUFH DQG
PRPHQW
0RVW UHVHDUFKHUV FDOFXODWHG WKHHODVWLFSURSHUWLHVRI&17VDQGJUDSKHQH QDQRULEERQVXQGHU
GLIIHUHQW ORDGLQJ FRQGLWLRQVZLWKEHDPPRGHOVXVLQJD FRQVWDQW%%6 (,E .ș RU(,E .ș
/LDQG&KRX.DVWL/LDQG*XR(,DQGEDUHWKH<RXQJ¶VPRGXOXV
WKHPRPHQWRILQHUWLDDQGWKHLQLWLDOERQGOHQJWKRIWKHEHDP%DVHGRQWKHHQHUJ\HTXLYDOHQFH
EHWZHHQWKH660DQGWKHEHDPPRGHOVZHILQGWKDWWKH%%6LQDUPFKDLUDQG]LJ]DJJUDSKHQH
QDQRULEERQVXQGHUXQLD[LDOWHQVLRQDQGSXUHVKHDULV(,E .ș)RUWKHILQLWHZLGWKDUPFKDLU
JUDSKHQHVKHHWXQGHUFRXSOLQJ ORDGLQJ IRUFH) DQGPRPHQW0 Į ȕ DQGE E D EKHUH WKH
%%6(,EVKRXOGEHHPSOR\HGVHH)LJ,WVKRXOGEHQRWHGWKDWRQO\WKHLQSODQHEHQGLQJLV
FRQVLGHUHGLQWKLVSDSHU

)LJD2QHFHOORIDILQLWHZLGWKDUPFKDLUJUDSKHQHVKHHWXQGHUFRXSOLQJORDGLQJIRUFH)DQGPRPHQW0E
DQJOHLQFUHPHQWRIDIRUWKHVWLFNVSLUDOPRGHOFRQHFHOORIDILQLWHZLGWK]LJ]DJJUDSKHQHVKHHWXQGHUFRXSOLQJ
ORDGLQJIRUFH)DQGPRPHQW0GDQJOHLQFUHPHQWRIFIRUWKHVWLFNVSLUDOPRGHO
)RUWKH660WKHIRUFHDQGWKHPRPHQWHTXLOLEULXPOHDGWR
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ZKHUH[ELVWKHORFDOFRRUGLQDWHV\VWHPVDORQJWKHEHDP$LVWKHFURVVVHFWLRQDUHDRIWKHEHDP
DQG8)EHDPDQG80EHDPDUHWKHVWUDLQHQHUJ\IURPWKHIRUFHDQGPRPHQWUHVSHFWLYHO\
/HW87EHDP 87WKHQWKH%%6FDQEHREWDLQHGIURP(T(T



 
 
1
(, 0.
E 1
0
T
§ · ¨ ¸© ¹ § · ¨ ¸© ¹

ZKHUH1 )VLQĮE
6LPLODUO\ ZH REWDLQ WKH YDOXH RI (,E ZKHQ WKH EHDP PRGHO RI WKH ILQLWH ZLGWK ]LJ]DJ
QDQRULEERQVLQ)LJELVXQGHUWKHFRXSOLQJIRUFHDQGPRPHQWVHH)LJVFDQGG
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
ZKHUH1 )FRVĮE
&RPSDULQJ (T  ZLWK (T  WKH GLVWULEXWLRQV RI WKH %%6 LQ WKH ]LJ]DJ JUDSKHQH
QDQRULEERQVDUHGLIIHUHQWWRWKRVHLQWKHDUPFKDLUQDQRULEERQV7KHUHIRUHLWLVQRWVXLWDEOHWRXVH
WKHVDPH(,EWRFDOFXODWHWKHFRUUHVSRQGLQJPHFKDQLFDOSURSHUWLHVXQGHUFRXSOLQJORDGLQJIRUFH
DQGPRPHQWLQWKHILQLWHZLGWKDUPFKDLUDQG]LJ]DJJUDSKHQHQDQRULEERQV

)LJ7KHGLVWULEXWLRQRIEHDPEHQGLQJVWLIIQHVVZLWK10XQGHUFRXSOLQJORDGLQJIRUFH)DQGPRPHQW0LQ
WKHILQLWHZLGWKJUDSKHQHQDQRULEERQVDDUPFKDLUE]LJ]DJ

7KHGLVWULEXWLRQRIWKH%%6YHUVXV10LQ(TLVSORWWHGLQ)LJD:HILQGWKDWWKH%%6
VWURQJO\ GHSHQGV RQ WKH ORDGLQJ FRQGLWLRQ DQG LV LQ WKH UDQJH RI .ș (,E.ș IRU WKH
GLIIHUHQW ORDGLQJFRQGLWLRQVLQ WKHILQLWHZLGWKDUPFKDLUJUDSKHQHQDQRULEERQV:KHQ10 
(TLVGHJHQHUDWHGLQWR(,E .șXQGHUSXUHPRPHQW0FRQGLWLRQ:KHQ10ĺRU
(TLVGHJHQHUDWHGLQWR(,E .șXQGHUORDGLQJIRUFH)FRQGLWLRQ
7KHGLVWULEXWLRQRIWKH%%6YHUVXV10IRUWKH]LJ]DJJUDSKHQHQDQRULEERQVLVSORWWHGLQ)LJ
E ,W DOVR VWURQJO\ GHSHQGV RQ WKH ORDGLQJ FRQGLWLRQ :KHQ 10   (,E .ș ZKHQ
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10ĺ RU  (,E .ș ZKHQ 10ĺ (,Eĺ ZKHQ 10ĺ (,Eĺ.ș WKH
PLQLPXP
,QVXPPDU\WKH%%6RIWKH660DQGWKHEHDPPRGHOGLIIHUVDQGGHSHQGVRQWKHFKLUDOLW\DQG
ORDGLQJFRQGLWLRQ

7KHYDOXHRIVXUIDFH<RXQJ¶VPRGXOXVIURPVWLFNVSLUDODQGEHDPPRGHOV
,Q WKLV VHFWLRQ ZH ZLOO FRPSDUH WKH YDOXH RI VXUIDFH <RXQJ¶V PRGXOXV <V ( <VW ıVİW
REWDLQHGIURPWKH660DQGWKHEHDPPRGHO(DQGWGHQRWHWKH<RXQJ¶VPRGXOXVDQGWKLFNQHVV
RIWKHJUDSKHQHVKHHWDQGıV LVWKHVXUIDFHVWUHVVZKLFKLVHTXDOWRWKHVWUHVVPXOWLSOLHGE\WKH
WKLFNQHVVWRIWKHJUDSKHQHVKHHW&KDQJDQG*DR0RUHRYHUZHGHULYHWKHH[SUHVVLRQVRI
<VXQGHUXQLD[LDOWHQVLRQLQDUPFKDLUDQG]LJ]DJQDQRULEERQV
)RU WKH]LJ]DJJUDSKHQHVKHHW LQ)LJEXQGHUDXQLIRUPWHQVLOHVWUHVV IDORQJ[GLUHFWLRQ
&KDQJDQG*DRZHGHILQHWKHVWUDLQDV

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
7KHVXUIDFH<RXQJ¶VPRGXOXV<VFDQEHGHULYHGE\WKH660&KDQJDQG*DR
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
ZKHUH) IE/LDQG*XR
)RUWKHEHDPPRGHOWKHHODVWLFVWUDLQHQHUJ\RIWKHVWUXFWXUHVKRXOGEHHTXDOWRWKHH[WHUQDO
ZRUN

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
ZKHUH/ EVLQĮ(
 ( <VWDQG$
 ELQRQHFHOORIJUDSKHQHVKHHWV&KDQJDQG*DR
/LDQG*XR'HILQLQJ($E .EDQGXVLQJ(T(TDQG8ZRUN 87EHDPZHREWDLQ<V
 
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
1RWHWKDW(TIRUWKH660DQG(TRIWKHEHDPPRGHODUHLGHQWLFDO

)LJ7KHYDOXHRI<VIURPWZRPRGHOVDQGGLIIHUHQWEHDPEHQGLQJVWLIIQHVV(,ELQWKHILQLWHZLGWKJUDSKHQH
QDQRULEERQV
:HQRZFRPSDUHWKHUHVXOWVRIWKHWZRPRGHOVZLWKUHVXOWVIURP0'VLPXODWLRQ7KHYDOXHRI
<VIURPWKHWZRPRGHOVZLWKGLIIHUHQW(,ELVSORWWHGLQ)LJ:KHQ.E Q1QP.ș 
Q1QPDQGĮ &KDQJDQG*DRWKHYDOXHRI<VLVHTXDOWR*3DQPLQ(TDQG
(TZKLFKLVLQYHU\JRRGDJUHHPHQWZLWKWKH0'UHVXOW<V *3DQPIURP6DQFKH]
3RUWDOHWDODQG9DQ/LHUHWDO7KHUHVXOWVIRU<VGHSHQGLQJRQWKH%%6DUHDOVR
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SORWWHGLQ)LJ7KHYDOXHVRI<VUDQJHIURP*3DQPWR*3DQPXQGHUFRXSOLQJIRUFH
DQGPRPHQW7KRVH UHVXOWV DUH TXLWH GLIIHUHQW WR WKH0' UHVXOWZKHQZHXVH WKH%%6RI WKH
]LJ]DJJUDSKHQHVKHHWLQ(T)RUH[DPSOHWKHYDOXHRI<V*3DQPLVDERXWWLPHV
RIWKH0'UHVXOWXVLQJ(,E .șXQGHUSXUHEHQGLQJFRQGLWLRQ10ĺ7KHYDOXHRI<V
*3D QP LV LGHQWLFDOZLWK0' UHVXOW IRU(,E .ș XQGHU ORDGLQJ IRUFH 10ĺRU  RU
XQLD[LDOWHQVLRQFRQGLWLRQV:KHQ10ĺLQ(T(,EĺOHDGVWRWKHPD[LPXP<V *3
QP ZKLFK LV DERXW  WLPHV RI WKH 0' UHVXOW :KHQ 10ĺ LQ (T  VHH )LJ E
(,E .șOHDGVWRWKHPLQLPXP<V *3QPZKLFKLVDERXWWLPHRIWKH0'UHVXOW
7KHUHIRUHLWLVFUXFLDOWRJLYHDQH[DFWIRUFHDQDO\VLVLQWKHVWUXFWXUHVVRWKDWWKHFRUUHFW(,EFDQ
EHREWDLQHG
7KHYDOLGDWLRQXVLQJPROHFXODUG\QDPLFVVLPXODWLRQZLWKKDUPRQLFSRWHQWLDOVDQGILQLWH
HOHPHQWPHWKRG
0ROHFXODUG\QDPLFVVLPXODWLRQZLWKKDUPRQLFSRWHQWLDOV
,QWKLVVHFWLRQZHSUHVHQWWKHUHVXOWVRI)(DQG0'VLPXODWLRQVZLWKKDUPRQLFSRWHQWLDOV)RU
WKH0'VLPXODWLRQZHNHHSWKHOHQJWK/ QPDQGWKHUDWLR/: aLQWKHDUPFKDLUDQG
/: aLQ]LJ]DJQDQRULEERQVVHH)LJDQG)LJ'LVSODFHPHQWVDUHDGGHGDWWKHOHIW
JUHHQDQGULJKWUHGHQGOD\HUV$OO0'VLPXODWLRQVDUHSHUIRUPHGXVLQJ/$00363OLPSWRQ

)RUXQLD[LDO WHQVLRQRUSXUHVKHDUVLPXODWLRQVDUHGRQHDW.DQGDOODWRPVLQWKHWZRHQG
OD\HUV PRYH  ǖ DORQJ WKH [ RU \GLUHFWLRQ DW HDFK WLPH VWHS UHVSHFWLYHO\ DQG HYHU\ 
EHQGLQJ GHJUHH DW HDFK WLPH VWHS IRU SXUH EHQGLQJ H[FHSW IRU DUPFKDLU /:  HYHU\ 
EHQGLQJ GHJUHH DW HDFK WLPH LQ YLHZ RI WKH ODUJH IOXFWXDWLRQ $IWHUZDUGV WKH VWUXFWXUH LV
RSWLPL]HG IRU HDFK GLVSODFHPHQW LQFUHPHQW DQG WKH RSWLPL]HG VWUXFWXUH LV WDNHQ DV WKH LQLWLDO
JHRPHWU\IRU WKHQH[WFDOFXODWLRQV7KHHQHUJ\PLQLPL]DWLRQLVSHUIRUPHGXVLQJWKHFRQMXJDWH
JUDGLHQWPHWKRG$ WROHUDQFHRI UHODWLYHHQHUJLHVEHWZHHQPLQLPL]DWLRQ LWHUDWLRQV LV VHW DW 
ZLWKDIRUFHWROHUDQFHRIWRHQVXUHDVXIILFLHQWO\PLQLPL]HGV\VWHP
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
)LJ)LQLWHZLGWKDUPFKDLUDQG]LJ]DJJUDSKLWHQDQRULEERQVXQGHUSXUHEHQGLQJDWEHQGLQJDQJOH GHJUHHD
DUPFKDLU/: EDUPFKDLU/: FDUPFKDLU/: G]LJ]DJ/: H]LJ]DJ/: I]LJ]DJ
/: 

)LJ7KH]RRPHGLQYLHZRIWKHJUDSKHQHQDQRULEERQVLQ)LJDD]RRPHGLQYLHZRI)LJDED
]RRPHGLQYLHZRI)LJEFD]RRPHGLQYLHZRI)LJFGD]RRPHGLQYLHZRI)LJGHD]RRPHGLQ
YLHZRI)LJHID]RRPHGLQYLHZRI)LJI
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7RPRGHOWKHEHQGLQJGHIRUPDWLRQULJLGERG\WUDQVODWLRQLVDSSOLHGWRWKHDWRPVLQERWKHQG
OD\HUVRIWKHJUDSKHQHVKHHWVVHHWKHJUHHQDQGUHGSDUWVLQ)LJVXFKWKDWERWKHQGVHFWLRQV
UHPDLQVWUDLJKWDQGDUHNHSWSHUSHQGLFXODUWRWKHGHIRUPHGD[LVLQHDFKGLVSODFHPHQWLQFUHPHQW
,LMLPDHWDO&DRDQG&KHQ7KHOHQJWKRIWKHPLGGOHOLQHDORQJWKHGHIRUPHGD[LV
LQ WKH JUDSKHQH VKHHW UHPDLQV XQFKDQJHG DQG LWV FXUYDWXUH LV XQLIRUP WKURXJKRXW WKH
GHIRUPDWLRQ
)LUVWZHFRQVLGHUWKHDUPFKDLUDQG]LJ]DJJUDSKHQHQDQRULEERQVXQGHUXQLD[LDOWHQVLRQ7KH
KDUPRQLFERQGDQGDQJOHSRWHQWLDOVSDUDPHWHUV.E Q1QPDQG.ș Q1QPDUHDGRSWHG
IURP&KDQJDQG*DR&KDQJDQG*DR7KH/HQQDUG-RQHV/-SDLUSRWHQWLDO8/-EHWZHHQ
FDUERQ DQG FDUERQ LV DGRSWHG DV
 
/-8 U U
V Vª º§ · § ·  « »¨ ¸ ¨ ¸© ¹ © ¹« »¬ ¼
&KDQJ  /L DQG*XR 
ZKHUH U LV WKH GLVWDQFH EHWZHHQ WKH LQWHUDFWLQJ DWRPV WKH GHSWK RI WKH SRWHQWLDO DQG ı D
SDUDPHWHU WKDW LV GHWHUPLQHG E\ WKH HTXLOLEULXP GLVWDQFH :H XVH ı  c DQG 
 î-.ROPRJRURYHWDO9RGHQLWFKDURYDDQG=KDQJ+HHWDO
&KDQJ
,QRXU0'VLPXODWLRQV WKHVWUHVVPHWKRGDQGHQHUJ\PHWKRGDUHERWKXVHG WR FDOFXODWH WKH
<RXQJ¶V PRGXOXV DQG VKHDU PRGXOXV )RU WKH VWUHVV PHWKRG WKH VWUHVV RQ WKH VXUIDFH RI
JUDSKHQHVKHHWFDQEHJLYHQE\WKHFRPSRQHQWRIWKHYLULDOVWUHVV=KDRHWDO


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§ ·w  ¨ ¸¨ ¸w© ¹¦ ¦ 
ZKHUH9LVWKHFXUUHQWYROXPHRIWKHJUDSKHQHVKHHWPLLVWKHPDVVRIDWRPLYLLVWKHYHORFLW\ULM
LV WKH GLVSODFHPHQW YHFWRU EHWZHHQ WKH DWRPV LDQG M DQG8LM LV WKH SRWHQWLDO HQHUJ\ EHWZHHQ
DWRPVLDQGM
7KHLGHDIRUWKHHQHUJ\PHWKRGLVWKDWWKHLQFUHPHQWRIWKHWRWDOHQHUJ\VKRXOGEHHTXDOWRWKH
H[WHUQDOZRUN=KDRHWDOE7KHHTXDWLRQFDQEHZULWWHQDV
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ZKHUH8DQGİDUHWKHWRWDOHQHUJ\ LQFUHPHQWDQGWHQVLOHVWUDLQıFDQG0DUHWKHWHQVLOHVWUHVV
DQGEHQGLQJPRPHQWRQWKHOHIWRUULJKWUHJLRQVLQ)LJDQG9DQGѰDUHWKHLQLWLDOYROXPH
DQGEHQGLQJDQJOH

)LJD7KHWRWDOHQHUJ\VWUDLQDQGEWKHVXUIDFHVWUHVVVWUDLQFXUYHVRIWKHDUPFKDLUDQGWKH]LJ]DJJUDSKHQH
VKHHWXQGHUXQLD[LDOWHQVLRQDQGSXUHVKHDULQ)LJDDQGE
7KH WRWDO HQHUJ\ IRU GLIIHUHQW WHQVLOH DQG VKHDU VWUDLQV LV SORWWHG LQ )LJ D 7KH VXUIDFH
WHQVLOH RU VKHDU VWUHVVHV REWDLQHG IURP(T  DUH SORWWHG LQ)LJ E1RWH WKDW WKH VXUIDFH
VWUHVVLVWKHVWUHVVPXOWLSOLHGE\WKHWKLFNQHVVWRIWKHJUDSKHQHVKHHW'HILQLQJWKHVXUIDFHWHQVLOH
VWUHVV DQG WKH VXUIDFH VKHDU VWUHVV DV ıV DQG ĲV WKH VXUIDFH <RXQJ¶V PRGXOXV <V DQG VKHDU
PRGXOXV*LVH[SUHVVHGDV<V ıVİDQG* ĲVȖZKHUHİDQGȖDUHWKHWHQVLOHVWUDLQDQGVKHDUVWUDLQ
)LJEVKRZVWKDWWKHGLIIHUHQFHRIWKHVXUIDFHVWUHVVVWUDLQFXUYHVEHWZHHQWKHDUPFKDLUDQG
]LJ]DJQDQRULEERQVLVYHU\VPDOO7KRVHREVHUYDWLRQVDJUHHZHOOZLWKWKHUHVXOWVLQWKHOLWHUDWXUH
&KDQJDQG*DR.DVWL/L DQG*XR)LJ EDOVR VKRZV WKDW WKH VXUIDFH
VWUHVVVWUDLQ FXUYHV RI WKH VWUHVVPHWKRG DUH LQ YHU\ JRRG DJUHHPHQWZLWK WKRVH RI WKH HQHUJ\
PHWKRG 2XU 0' UHVXOWV DJUHH ZLWK WKRVH RI WKH DYDLODEOH DQDO\WLFDO PRGHOV VHH )LJ E
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&KDQJ DQG*DR  /L DQG*XR  7KH HQHUJ\PHWKRG LV DGRSWHG WR REWDLQ DOO0'
UHVXOWVLQWKHIROORZLQJWH[W
)LQLWHHOHPHQWPHWKRGEDVHGRQWKHEHDPPRGHO
7KH )( EHDP VWUXFWXUHV RI JUDSKHQH VKHHWV FDQ EH HDVLO\ EXLOW IURP WKH FRRUGLQDWHV RI WKH
JUDSKHQH0'PRGHOV)LJ
:HDGRSWWKHVWLIIQHVV($E .EDQG(,E .șZLWK<RXQJ¶VPRGXOXV( a73DDQG
3RLVVRQ¶VUDWLRY aIURP/LDQG*XR$OOWKHSUHVHQW)(FDOFXODWLRQVDUHSHUIRUPHG
XVLQJWKHFRPPHUFLDO$16<6SDFNDJHZLWKQRGH%($0HOHPHQW

)LJ7KHVXUIDFHWHQVLOHDQGVKHDUVWUHVVVWUDLQFXUYHVRI)(PHWKRGLQ)LJ
7KH VXUIDFH VWUHVVVWUDLQ FXUYHV DORQJ GLIIHUHQW GLUHFWLRQV IRU ( 73D Y  DQG
(,E .ș DUH SORWWHG LQ )LJ  7KH GLIIHUHQFH RI WKH VWUHVVVWUDLQ FXUYHV EHWZHHQ WKH
DUPFKDLU DQG ]LJ]DJ JUDSKHQH QDQRULEERQV DUH YHU\ VPDOO ZKLFK DJUHHV ZHOO ZLWK WKH
REVHUYDWLRQVIURP/LDQG*XRDQG6DNKDHH3RXU
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
)LJ7KHVXUIDFHVWUHVVVWUDLQFXUYHVRIWKH)(PHWKRGLQ)LJD
,QYLHZRIVRVPDOOGLIIHUHQFHZHRQO\VWXG\WKHHIIHFWRIWKH3RLVVRQ¶VUDWLRYRQWKHVWUHVV
VWUDLQ FXUYHV IRU WKH DUPFKDLU VKHHW LQ)LJ  7KH VXUIDFH VWUHVVVWUDLQ FXUYHVGRQ¶W FKDQJH
ZLWKYDWDOOLQ)LJZKLFKPHDQVWKDWWKH<RXQJ¶VPRGXOXVDQGVKHDUPRGXOXVRIJUDSKHQH
VKHHWDUHERWKLQGHSHQGHQWRI3RLVVRQ¶VUDWLRYRIWKHEHDP7KHUHIRUHWKHUHLVQROLPLWDWLRQWR
XVH3RLVVRQ¶VUDWLRYDVY aRIWKHEHDPHOHPHQWVRWKDWZHFDQREWDLQWKHVDPH<RXQJ¶V
PRGXOXVDQGVKHDUPRGXOXV7KH3RLVVRQ¶VUDWLRY DUHDGRSWHGLQWKHIROORZLQJ)(UHVXOWV
$VVKRZQ LQ)LJ WKHHIIHFWRI WKHEHDP<RXQJ¶VPRGXOXVRQ WKHVXUIDFHVWUHVVVWUDLQ
FXUYHV LV DOVR YHU\ VPDOO /L DQG *XR¶V UHVXOWV DUH EHWZHHQ WKH SUHVHQW WZR FXUYHV DOWKRXJK
.E Q1QPDQG.ș Q1QPLVFKRVHQLQWKHLUOLWHUDWXUH/LDQG*XR
6LQFH WKH3RLVVRQ¶V UDWLR Y DQG WKH<RXQJ¶VPRGXOXV( RI WKH EHDPPRGHO KDYH DOPRVW QR
HIIHFWRQWKHHODVWLFSURSHUWLHVRIWKHJUDSKHQHQDQRULEERQVZHFKRRVH( 73DDQGY LQ
DOOWKHIROORZLQJ)(FDOFXODWLRQV
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
)LJ7KHVXUIDFHWHQVLOHDQGVKHDUVWUHVVVWUDLQFXUYHVRIWKH)(PHWKRGZLWKGLIIHUHQWEHDP<RXQJ¶VPRGXOXV
LQ)LJEDORQJ[GLUHFWLRQWHQVLRQDQG[\GLUHFWLRQVKHDU
5HVXOWVDQGGLVFXVVLRQ
)LJ DSORWV WKH VXUIDFH WHQVLOH VWUHVV UDWLRVEHWZHHQ WKH0'VLPXODWLRQVZLWKKDUPRQLF
SRWHQWLDOVDQG)(UHVXOWVEDVHGRQWKHEHDPPRGHOXQGHUXQLD[LDOWHQVLRQ$OOWKHUDWLRVDUHFORVH
WR IRUGLIIHUHQW/: LQ WKH DUPFKDLU DQG WKH]LJ]DJ JUDSKHQHQDQRULEERQV ,WPHDQV WKDW WKH
%%6 (,E .ș LV FRUUHFW WR GHVFULEH WKH HODVWLF SURSHUWLHV RI JUDSKHQH QDQRULEERQV XQGHU
WHQVLRQDQGVKHDUZKLFKYDOLGDWHVRXUDQDO\WLFDOUHVXOWVLQVHFWLRQ)LJVEDQGFVKRZ
WKDWWKHEHQGLQJPRPHQWUDWLRVEHWZHHQWKH0'DQG)(UHVXOWVIRUWKH%%6RI(,E .ș7KH
UDWLRV00'0)(LQFUHDVHZLWKGHFUHDVLQJZLGWK:LQERWKDUPFKDLUDQG]LJ]DJQDQRULEERQV7KH
PD[LPXP UDWLRV UHDFK YDOXHV XS WR  LQ WKH DUPFKDLU QDQRULEERQV DQG  LQ WKH ]LJ]DJ
QDQRULEERQV ,W LQGLFDWHV WKDW WKH ORDGLQJPRGHGHSHQGHQW%%6LQ WKHDUPFKDLUQDQRULEERQV LV
PRUHSURQRXQFHGWKDQWKH%%6LQWKH]LJ]DJQDQRULEERQV
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
)LJ7KHVXUIDFH WHQVLOH VWUHVV UDWLRVDQGEHQGLQJPRPHQW UDWLRVEHWZHHQ0'DQG)( UHVXOWV LQ ILQLWHZLGWK
DUPFKDLUDQG]LJ]DJJUDSKHQHQDQRULEERQVDWKHVXUIDFHWHQVLOHUDWLRVLQWKHDUPFKDLUDQGWKH]LJ]DJQDQRULEERQV
EEHQGLQJPRPHQWUDWLRVLQWKHDUPFKDLUQDQRULEERQVFEHQGLQJPRPHQWUDWLRVLQWKH]LJ]DJQDQRULEERQV

)LJ%RQGOHQJWKGLVWULEXWLRQVRIWKHDUPFKDLUDQG]LJ]DJJUDSKHQHQDQRULEERQVZLWKGLIIHUHQWEHQGLQJDQJOHV
LQ)LJDDUPFKDLU/: EDUPFKDLU/: FDUPFKDLU/: G]LJ]DJ/: H]LJ]DJ
/: I]LJ]DJ/: 
:HIXWKHUVWXG\WKHFKDQJHRIWKHFRUUHVSRQGLQJERQGVDQGDQJOHVLQWKHDUPFKDLUDQG]LJ]DJ
JUDSKHQHQDQRULEERQVZLWKGLIIHUHQWEHQGLQJDQJOHV7KHGLVWULEXWLRQVRIWKHERQGOHQJWKDQGWKH
ERQGDQJOHVLQWKHXSSHUDQGORZHUUHJLRQVDUHV\PPHWULFZLWKUHJDUGWRWKHPLGGOHOLQHDORQJ
WKHGHIRUPHGD[LV)RUWKHQDUURZVKHHWVLQ)LJVDGDQG)LJVDGWKHERQGOHQJWKDQG
WKHDQJOHVFKDQJHZHDNO\ZLWKLQFUHDVLQJEHQGLQJDQJOH:LWKLQFUHDVLQJZLGWKWKHERQGOHQJWK
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DQGWKHERQGDQJOHVIURPWKHPLGGOHOLQHWRWKHIUHHVXUIDFHDORQJWKHXQGHIRUPHGD[LVLQFUHDVH
VKDUSO\ZLWKLQFUHDVLQJEHQGLQJDQJOHDVVKRZQLQ)LJVFIDQG)LJVFI

)LJ$QJOHGLVWULEXWLRQVRIDUPFKDLUDQG]LJ]DJJUDSKHQHQDQRULEERQVZLWKGLIIHUHQWEHQGLQJDQJOHVLQ)LJ
DDUPFKDLU/: EDUPFKDLU/: FDUPFKDLU/: G]LJ]DJ/: H]LJ]DJ/: I
]LJ]DJ/: 
)RUDOOVKHHWVWKHERQGOHQJWKDQGWKHERQGDQJOHVLQWKHPLGGOHUHJLRQVFKDQJHZHDNO\ZKLOH
WKH ERQG OHQJWK LQ WKH XSSHU DQG WKH ORZHU UHJLRQV LV VKDUSO\ HORQJDWHG DQG VKRUWHQHG
UHVSHFWLYHO\ )LJ G LQGLFDWHV WKDW DOO WKH ERQG OHQJWK FKDQJH FRQVLGHUDEO\ LQ WKH QDUURZ
]LJ]DJ VKHHW ZKLOH WKH ERQG OHQJWK GRHV QRW FKDQJH LQ WKH QDUURZ DUPFKDLU VKHHW )URP WKH
DUPFKDLUVKHHWVLQ)LJZHILQGWKDWWKHERQGVENN ÂÂÂDUHSDUHOOHOWRWKH
GHIRUPHGD[LDO:KHQ WKHDUPFKDLU VKHHWV DUHXQGHUSXUHEHQGLQJ WKHERQGVEN LQ WKHPLGGOH
SDUWVRIWKHVKHHWVDUHDOZD\VXQGHUSXUHEHQGLQJ7KHUHIRUHWKHUDWLRP 1E1WF LQFUHDVHVZLWK
GHFUHDVLQJ ZLGWK ZKHUH1E LV WKH QXPEHU RI WKH ERQGV VXEMHFWHG WR EHQGLQJ DQG 1WF LV WKH
QXPEHURIWKHERQGVVXEMHFWHGWRWHQVLRQFRPSUHVVLRQLQWKHVKHHWV+RZHYHUDOORIWKHERQGVFO
O ÂÂÂLQWKH]LJ]DJVKHHWVDUHQRWSDUDOOHOWRWKHGHIRUPHGDL[DO7KH
UDWLRLQWKH]LJ]DJVKHHWVLVDOZD\VOHVVWKDQWKDWLQWKHDUPFKDLUVKHHWVIRUWKHVDPHYDOXHRI/:
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
)LJ7KHVSDWLDOGLVWULEXWLRQVRIWKHERQGOHQJWKLQDUPFKDLUDQG]LJ]DJJUDSKHQHQDQRULEERQVDWWKHEHQGLQJ
DQJOHGHJUHHDDUPFKDLU/: EDUPFKDLU/: FDUPFKDLU/: G]LJ]DJ/: H]LJ]DJ
/: I]LJ]DJ/: 

)LJ7KHVSDWLDOGLVWULEXWLRQVRIWKHDYHUDJHDQJOHLQFUHPHQWLQDUPFKDLUDQG]LJ]DJJUDSKHQHQDQRULEERQVDW
WKHEHQGLQJDQJOHGHJUHHDDUPFKDLU/: EDUPFKDLU/: FDUPFKDLU/: G]LJ]DJ/: 
H]LJ]DJ/: I]LJ]DJ/: 
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,WLVWKHPDLQUHDVRQWKDWWKHEHQGLQJPRPHQWUDWLRVLQWKHDUPFKDLUVKHHWVVHH)LJVEDQGF
DUH ODUJHU WKDQ WKRVH LQ WKH ]LJ]DJ VKHHWV 7KH ORDGLQJPRGH GHSHQGHQW %%6 RI WKH DUPFKDLU
QDQRULEERQVLVPRUHSURQRXQFHGWKDQWKDWRIWKH]LJ]DJQDQRULEERQV
)LJDQG)LJVKRZWKHVSDWLDOGLVWULEXWLRQVRI WKHERQGOHQJWKDQGWKHDYHUDJHDQJOH
YDULDWLRQLQGLIIHUHQWDUPFKDLUDQG]LJ]DJJUDSKHQHQDQRULEERQVIRUDEHQGLQJDQJOHRIGHJUHH
7KHDYHUDJHDQJOHYDULDWLRQRIDWRPLLVFDOFXODWHGE\
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
ZKHUHșLL DUHWKHWKUHHDQJOHVDURXQGWKHDWRP LDWDJLYHQEHQGLQJDQJOHDQGșLVWKH
LQLWLDODQJOHRIGHJUHHV
7KH ERQG OHQJWK DQG WKH DYHUDJH DQJOH YDULDWLRQ FKDQJHZHDNO\ LQ WKHPLGGOH UHJLRQV DQG
VKDUSO\ LQ WKH XSSHU DQG ORZHU UHJLRQV ,W LQGLFDWHV WKDW WKH PLGGOH UHJLRQV RI DOO JUDSKHQH
QDQRULEERQV DUH DOZD\V VXEMHFWHG WR EHQGLQJ ZKLOH WKH XSSHU DQG ORZHU UHJLRQV DUH PDLQO\
XQGHU WHQVLRQ RU FRPSUHVVLRQ UHVSHFWLYHO\ :LWK LQFUHDVLQJ ZLGWK WHQVLRQ DQG FRPSUHVVLRQ
GRPLQDWH WKH EHQGLQJ SURSHUWLHV RI WKH JUDSKHQH QDQRULEERQV VHH )LJV F DQG I RU )LJV
F DQG I &RQYHUVHO\ ZLWK GHFUHDVLQJ ZLGWK EHQGLQJ RU FRXSOLQJ WHQVLRQFRPSUHVVLRQ
EHQGLQJGRPLQDWHWKHEHQGLQJSURSHUWLHVRIWKHQDQRULEERQVVHH)LJVDDQGGRU)LJVD
DQG G )URP RXU DQDO\VLV LQ VHFWLRQ  WKH %%6 (,E .ș VKRXOG EH XVHG LQ XQLD[LDO
WHQVLRQFRPSUHVVLRQVKHDU ZKLOH %%6 (,E .ș LQ SXUH EHQGLQJ VKRXOG EH XVHG IRU
FRQVLGHUDEO\ QDUURZ JUDSKHQH QDQRULEERQV 7KHUHIRUH LW LV UHDVRQDEOH WR DGRSW WKH %%6
.ș(,E.șDQG.ș(,ELQWKHILQLWHZLGWKDUPFKDLUVKHHWVDQG]LJ]DJVKHHWVXQGHU
SXUHEHQGLQJLQ)LJVDDQGEUHVSHFWLYHO\
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
)LJ%HQGLQJPRPHQWUDWLRVEHWZHHQ0'DQG)(UHVXOWVIRUJUDSKHQHQDQRULEERQVZLWKGLIIHUHQW(,E
)LJ  LOOXVWUDWHV WKH EHQGLQJPRPHQW UDWLRV IRU JUDSKHQH QDQRULEERQV IRU GLIIHUHQW%%6
(,E7KHUDWLRLVFORVHWRZKHQ(,E .șLVXVHGLQRXU)(FDOFXODWLRQZLWK/: LQ)LJ
DZKLFKSHUIHFWO\YDOLGDWHVRXUDQDO\WLFDOUHVXOWLQVHFWLRQ)XUWKHUPRUH(,E .șFDQEH
XVHG WR GHVFULEH WKH HODVWLF SURSHUWLHV LQ /:  DUPFKDLU DQG /:  ]LJ]DJ JUDSKHQH
QDQRULEERQVFRQVLGHULQJWKHGRPLQDWLRQRIWKHFRXSOLQJWHQVLOHFRPSUHVVLYHEHQGLQJPRGH
7KH%%6(,E .șRIWKHEHDPPRGHOVGHVFULEHWKHHODVWLFSURSHUWLHVZHOOXQGHUXQLD[LDO
WHQVLRQRUSXUHVKHDU+RZHYHUWKH%%6VWURQJO\GHSHQGVRQWKHZLGWKDQGWKHFKLUDOLW\RIWKH
JUDSKHQH QDQRULEERQV XQGHU SXUH EHQGLQJ RU WHQVLOHEHQGLQJ PRGHV :KHQ WKH ZLGWK RI WKH
DUPFKDLU JUDSKHQH VKHHWV EHFRPHV VPDOO HQRXJK /: (,E .ș GHVFULEHV WKH EHQGLQJ
EHKDYLRU H[FHOOHQWO\ XQGHU SXUH EHQGLQJ :LWK LQFUHDVLQJ ZLGWK .ș(,E.ș DQG
.ș(,E VKRXOG EH XVHG WR HIIHFWLYHO\ GHVFULEH WKHPHFKDQLFDO EHKDYLRU LQ DUPFKDLU DQG
]LJ]DJVKHHWVUHVSHFWLYHO\
,Q YLHZ RI WKH H[WUHPHO\ QDUURZ VWUXFWXUH RI D VLQJOH SRO\HWK\OHQH 3( FKDLQ ZH IXUWKHU
DQDO\]HGWKHHODVWLFSURSHUWLHVRIWKH3(FKDLQXQGHUGLIIHUHQWORDGLQJFRQGLWLRQVWRR
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7KHWZRPRGHOVLQDVLQJOHSRO\HWK\OHQHFKDLQ
,QWKLVVHFWLRQZHVWXG\RQH3(FKDLQXQGHUFRXSOLQJORDGLQJIRUFHIDQGPRPHQWPVHH)LJ
D ,QDQDORJ\ WRRXUDQDO\VLV LQ VHFWLRQ WKHYDOXHRI WKH%%6(,ERI WKH3(FDQEH
ZULWWHQDV
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
ZKHUHQ IFRVĮEEDQGșDUHWKHLQLWLDOERQGOHQJWKDQGDQJOHRIWKH3(FKDLQUHVSHFWLYHO\
DQG.SșLVWKHERQGEHQGLQJVWLIIQHVVRI3(=KDRHWDO

)LJD2QHFHOORIDFU\VWDOOLQHSRO\HWK\OHQHFKDLQXQGHUFRXSOLQJORDGLQJIRUFHIDQGPRPHQWPEWKH
GLVWULEXWLRQRIEHDPEHQGLQJVWLIIQHVVZLWKQP
(TDQG(TGLIIHURQO\LQWKHFRHIILFLHQWV7KHGLVWULEXWLRQRIWKHEHQGLQJVWLIIQHVVLQ
(TRYHUQPLVVKRZQLQ)LJE7KHEHQGLQJVWLIIQHVV(,ELVODUJHUWKDQ.șIRUWKH
GLIIHUHQW ORDGLQJ FRQGLWLRQV :KHQ QP  (T  LV GHJHQHUDWHG LQWR (,E .ș XQGHU SXUH
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PRPHQW P FRQGLWLRQ :KHQ QPĺ RU  (T  LV GHJHQHUDWHG LQWR (,E .ș XQGHU
ORDGLQJIRUFH)FRQGLWLRQ$VQPĺ(TOHDGVWR(,Eĺ7KHPLQLPXP(,E .șLV
REWDLQHGIRUQPĺ

)LJD2QHFHOORIDFU\VWDOOLQHSRO\HWK\OHQHFKDLQXQGHUFRXSOLQJORDGLQJIRUFHIDQGPRPHQWPEWKH
GLVWULEXWLRQRIEHDPEHQGLQJVWLIIQHVVZLWKQP
7RIXUWKHUYDOLGDWHWKHDQDO\WLFDOUHVXOWVZHFDUULHGRXW WKHXQLWHGDWRP0'VLPXODWLRQDQG
)(VLPXODWLRQLQ)LJ7KH3(FKDLQFRQVLVWVRIXQLWHGDWRPEHDGVZLWKDOHQJWK/ 
QP ,Q WKH XQLWHG DWRP DSSUR[LPDWLRQ WKH PHWK\O JURXSV &+ DUH UHSUHVHQWHG E\ D VLQJOH
³DWRP´DQGWKHHIIHFWRIWKHK\GURJHQDWRPVRQWKHSRO\PHU¶VFRQILJXUDWLRQLVDFFRXQWHGIRULQ
WKH SRWHQWLDOV :DKHHG  6KHSKHUG  =KDR HW DO  7KH SDUDPHWHUV RI WKH
KDUPRQLFSRWHQWLDOVDUH.E .FDOPROc.ș .FDOPROE cș 7KH/-SDLU
SRWHQWLDO VHH VHFWLRQZLWK .FDOPRO DQGı c LV DGRSWHG :DKHHG
6KHSKHUG=KDRHWDO
)LJ D FRPSDUHV WKH WHQVLOH VWUHVVVWUDLQ FXUYHV RI WKH XQLWHGDWRP PRGHO ZLWK WKH )(
PRGHO7KH<RXQJ¶VPRGXOL<8$IRUERWKPRGHOVDUHLQH[FHOOHQWDJUHHPHQW$FURVVVHFWLRQDO
DUHDRIcLVDGRSWHGLQWKH)(PRGHOZKLFKLVHTXDOWRWKHDYHUDJHDUHDRIRQH3(FKDLQLQ
FU\VWDOOLQH3(+HQU\DQG&KHQ=KDRHWDO-LDQJHWDO7KH<RXQJ¶VPRGXOL
<8$ *3DDQG<)( *3DDUHREWDLQHGE\ILWWLQJWKHGDWDLQWKHUDQJHRIWHQVLOH
VWUHVVVWUDLQFXUYHVLQ)LJD7KRVHUHVXOWVDUHLQJRRGDJUHHPHQWZLWKWKHDQDO\WLFDOYDOXH
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*3DRI FU\VWDOOLQH3( LQ RXU SUHYLRXVZRUN =KDR HW DO  7KH GLVWULEXWLRQ RI WKH
EHQGLQJPRPHQW UDWLRV EHWZHHQ WKH XQLWHGDWRP DQG )(PRGHOV IRU(,E .ș DQG(,E .ș
YHUVXV EHQGLQJ DQJOHV DUH SORWWHG LQ )LJ E 7KH EHQGLQJ PRPHQW UDWLRV EHWZHHQ WKRVH
PRGHOVDW(,E .șDUHDOZD\VKLJKHUWKDQZKLOHWKHUDWLRVDUHFORVHWRZKHQ(,E .ș
7KHUHVXOWHIIHFWLYHO\YDOLGDWHV(TXQGHUWHQVLRQDQGSXUHEHQGLQJFRQGLWLRQV
7KHDERYHDQDO\VLVVKRZVWKDWWKHGLIIHUHQFHEHWZHHQWKHVWLFNVSLUDODQGWKHEHDPPRGHOVLV
LQGHSHQGHQWRIWKHPDWHULDOVEHFDXVHDOOWKHSDUDPHWHUVRIWKHEHDPPRGHODUHREWDLQHGIURPWKH
KDUPRQLFSRWHQWLDO
0RUHRYHU RQH KDV WR EH WDNHQ ZKHQ WKH EHDP PRGHO LV HPSOR\HG IRU WKH FU\VWDOOLQH RU
DPRUSKRXV SRO\PHUV RU RWKHU ELRSRO\PHUV =KDR HW DO  =KDR HW DO =KDR HW DO
=KHQJDQG6HSWDVWKHLUVWUXFWXUHVDUHFRPSRVHGRIPDQ\VLQJOHPROHFXODUFKDLQV
DQGWKHUHDUHRQO\ZHDNYDQGHU:DDOVDQGFRXORPELQWHUDFWLRQV=KDRHWDOEHWZHHQWZR
FKDLQV,WLVSRVVLEOHWRREVHUYHPRUHSURQRXQFHGGLIIHUHQFHEHWZHHQWKH0'DQG)(UHVXOWVLQ
ODUJHGHIRUPDWLRQXQGHUXQLD[LDO WHQVLRQDQGSXUHEHQGLQJ VHH)LJE LIRQHXVHVDVDPH
FRQVWDQW(,E .ș 
'HVSLWH RI WKH GLIIHUHQFH EHWZHHQ WKH 660 DQG WKH EHDPPRGHO LW LV QRW FOHDU \HW ZKLFK
PRGHOLVEHWWHUVXLWDEOHWRSUHGLFWWKHHODVWLFSURSHUWLHVRIFDUERQQDQRWXEHVDQGJUDSKHQHVKHHWV
7KHUHIRUHZH FDUULHG RXW DGGLWLRQDO0' VLPXODWLRQZLWK WKH$,5(%2 SRWHQWLDO 3OLPSWRQ
ZKLFK LV FRPPRQO\ XVHG WR REWDLQ WKHPHFKDQLFDO SURSHUWLHV RI JUDSKHQH QDQRULEERQV
=KDRHWDOD
 7KH FRPSDULVRQ RI WKH WZRPRGHOV ZLWKPROHFXODU G\QDPLFV VLPXODWLRQ RI $,5(%2
SRWHQWLDO
:HDGRSWWKHVHWXSIURPVHFWLRQEXWXVHWKH$,5(%2SRWHQWLDOLQWKLVVHFWLRQ=KDRHW
DOD7KHWRWDOHQHUJ\LQFUHPHQWVZLWKWKHKDUPRQLFSRWHQWLDOVDQGWKH$,5(%2SRWHQWLDO
XQGHU XQLD[LDO WHQVLRQ DQG SXUH EHQGLQJ DUH SORWWHG LQ )LJ  DQG )LJ  UHVSHFWLYHO\
+LJKHUYDOXHVDUHREWDLQHGIRUWKHKDUPRQLFSRWHQWLDOV
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
)LJ7RWDOHQHUJ\LQFUHPHQWZLWKSUHVHQWKDUPRQLFSRWHQWLDOVDQG$,5(%2SRWHQWLDOLQDUPFKDLUDQG]LJ]DJ
JUDSKHQHQDQRULEERQVXQGHUWHQVLRQ

)LJ7RWDOHQHUJ\LQFUHPHQWZLWKSUHVHQWKDUPRQLFSRWHQWLDOVDQG$,5(%2SRWHQWLDOLQDUPFKDLUDQG]LJ]DJ
JUDSKHQHQDQRULEERQVXQGHUSXUHEHQGLQJ
)LJ  VKRZV WKH HODVWLF SURSHUWLHV RI WKH GLIIHUHQW PRGHOV &$ &+ DQG &)( DUH WKH
VWUHWFKLQJVWLIIQHVVWKHEHQGLQJVWLIIQHVVRIDWRWDOQDQRULEERQRIWKH$,5(%2WKHKDUPRQLF
DQG WKH )( UHVXOWV UHVSHFWLYHO\ DQG '$ '+ DQG ')( DUH WKH EHQGLQJ VWLIIQHVV LQSODQH
EHQGLQJ VWLIIQHVV RI HDFK QDQRULEERQ RI WKH $,5(%2 WKH KDUPRQLF DQG WKH )( UHVXOWV
UHVSHFWLYHO\)RUDOOWKH)(UHVXOWVZHXVHG(,E .ș0RGHOLQJHDFKQDQRULEERQDVDEHDP
XQGHU VPDOO GHIRUPDWLRQ FRQGLWLRQ WKH VWUHWFKLQJ VWLIIQHVV& DQG EHQGLQJ VWLIIQHVV' SHU XQLW
YROXPHIURP(TFDQEHZULWWHQDV
137 
 
  J WHQVLRQ& < 8 9 H  XQGHUXQLD[LDOWHQVLRQ
   EHQGLQJ' 8 9 T XQGHUSXUHEHQGLQJ
ZKHUH 8WHQVLRQ DQG 8EHQGLQJ DUH WKH WRWDO WHQVLRQ HQHUJ\ LQFUHPHQW DQG WKH EHQGLQJ HQHUJ\
LQFUHPHQW9LVWKHLQLWLDOYROXPH<JLVWKH<RXQJ¶VPRGXOXVİLVWKHWHQVLOHVWUDLQDQGșLVWKH
EHQGLQJDQJOHRIHDFKJUDSKHQHQDQRULEERQ

)LJ'LVWULEXWLRQRIWKHWZRPRGHOVWR$,5(%2UDWLRVZLWK/:
)URP(T  DQG (T  WKH VWLIIQHVVHV& DQG' IRU GLIIHUHQW/: FDQ EH REWDLQHG E\
ILWWLQJWKHGDWDLQ)LJDQG)LJLQZKLFKWKHGDWDLQWKHUDQJHRIaWHQVLOHVWUDLQ
DQGaGHJUHHVRIEHQGLQJDQJOH DUHXVHG LQ WKH ILWWLQJSURFHGXUH)LJ  VKRZV WKDW WKH
YDOXHV RI &+&$ DUH DERXW a DQG a LQ GLIIHUHQW ZLGWK ]LJ]DJ DQG DUPFKDLU
JUDSKHQH QDQRULEERQV 7KH YDOXHV RI&)(&$ DERXW a DQG a LQ ]LJ]DJ DQG
DUPFKDLUQDQRULEERQVDUHVLPLODUWRWKRVHRI&+&$
8QGHUSXUHEHQGLQJFRQGLWLRQ'+'$IURPaDQG')('$IURPaDUH
DOPRVW LGHQWLFDO LQ WKH ILQLWH ZLGWK ]LJ]DJ QDQRULEERQV H[FHSW IRU /:  '+'$ 
')('$ $OOYDOXHVRI'+'$DQG')('$DUHYHU\FORVHWRWKHYDOXHVRI&+&$DQG
&)(&$EHVLGHV WKH YDOXH RI')('$DW /: ZKLFK LV D OLWWOH ORZHU ,Q RWKHUZRUGV WKH
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%%6 LQ WKH ]LJ]DJ QDQRULEERQV LV LQVHQVLWLYH WR GLIIHUHQW ORDGLQJPRGHV H[FHSW IRU WKH XOWUD
QDUURZQDQRULEERQZLWK/: $VLPLODUSKHQRPHQRQFDQEHREVHUYHGIURP)LJ
)RUWKHDUPFKDLUQDQRULEERQVWKHUHVXOWVRI'+'$aDQG')('$aDUH
PXFK KLJKHU DQG ORZHU WKDQ WKRVH RI &+&$ a DQG &)(&$ a ZLWK
LQFUHDVLQJ/: UHVSHFWLYHO\+HQFH WKH660RYHUHVWLPDWHV WKHYDOXHVZKLOH WKHEHDPPRGHO
XQGHUHVWLPDWHVWKHYDOXHV7KHUHIRUHZHVXJJHVWWRFKRRVHWKHDYHUDJHYDOXHEHWZHHQWKH660
DQG EHDP PRGHOV LQ WKH QDUURZ JUDSKHQH QDQRULEERQV XQGHU SXUH EHQGLQJ $ERYH DQDO\VLV
LQGLFDWHVWKDWWKHORDGLQJPRGHGHSHQGHQW%%6LQWKHDUPFKDLUQDQRULEERQVLVPRUHSURQRXQFHG
WKDQWKDWLQWKH]LJ]DJQDQRULEERQV
&RQFOXGLQJUHPDUNV
:H H[WHQVLYH VWXGLHG WKH GLIIHUHQFH EHWZHHQ WKH VWLFNVSLUDO DQG EHDPPRGHOV LQ WKH ILQLWH
ZLGWK DUPFKDLU DQG ]LJ]DJ JUDSKHQH QDQRULEERQV DQG WKH VLQJOH 3( FKDLQ%DVHG RQ WKH WRWDO
HQHUJ\HTXLOLEULXPLQWKHWZRPRGHOVWKHFORVHGIRUPH[SUHVVLRQVRIWKH%%6DUHGHULYHGXQGHU
XQLIRUPWHQVLRQSXUHVKHDUSXUHEHQGLQJORDGLQJIRUFHFRXSOLQJIRUFHDQGEHQGLQJFRQGLWLRQV
%\ FRPSDULVRQV RI WKH WZR PRGHOV ZH IRXQG WKDW WKH %%6 RI WKH EHDP PRGHO VWURQJO\
GHSHQGVRQ WKH ORDGLQJPRGHV LQQDUURZJUDSKHQHQDQRULEERQV%DVHGRQ WKH0'VLPXODWLRQV
ZLWKKDUPRQLFSRWHQWLDOVDQG)(UHVXOWVWKH%%6(,E .șRIWKHEHDPPRGHOFDQEHXVHGWR
GHVFULEHWKHHODVWLFSURSHUWLHVZHOOXQGHUXQLD[LDOWHQVLRQRUSXUHVKHDU8QGHUSXUHEHQGLQJRU
FRXSOLQJ WHQVLOHEHQGLQJPRGHV WKH%%6 GHSHQGV RQ WKHZLGWK DQG FKLUDOLW\ RI WKH JUDSKHQH
QDQRULEERQV :KHQ WKH ZLGWK RI WKH DUPFKDLU JUDSKHQH VKHHWV EHFRPHV VPDOO HQRXJK
(,E .șFDQEHXVHGWRGHVFULEHWKHEHQGLQJEHKDYLRUHIIHFWLYHO\XQGHUSXUHEHQGLQJ:LWK
LQFUHDVLQJZLGWK.ș(,E.șDQG.ș(,EVKRXOGEHXVHGWRPRGHOWKHPHFKDQLFDO
EHKDYLRU LQ WKH DUPFKDLU DQG WKH ]LJ]DJ VKHHWV UHVSHFWLYHO\ )RU D VLQJOH 3( FKDLQ VLPLODU
SKHQRPHQDFDQEHIRXQGLQZKLFK.ș(,E.șXQGHUGLIIHUHQWORDGLQJFRQGLWLRQV
:HDOVRIRXQGWKDWWKHGLIIHUHQFHRIWKHVWLFNVSLUDODQGWKHEHDPPRGHOVH[LVWVDQGWKH\DUH
LQGHSHQGHQW RI WKHPDWHULDOV EHFDXVH DOO SDUDPHWHUV RI WKH EHDPPRGHO DUH REWDLQHG IURP WKH
KDUPRQLFSRWHQWLDOV)RU WKHQDUURZJUDSKHQHQDQRULEERQVRUDVLQJOH3(FKDLQ WKHPD[LPXP
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GLIIHUHQFH FDQ H[FHHG  LQ GLIIHUHQW ORDGLQJ PRGHV ZKLOH WKH GLIIHUHQFH LV FRPSOHWHO\
FRQFHDOHGLQKLJKHUZLGWKQDQRULEERQV
7KHUHIRUH WKH EHDP PRGHO VKRXOG EH XVHG FDUHIXOO\ WR PRGHO FU\VWDOOLQH SRO\PHUV DQG
ELRPDWHULDOV LQYLHZRIYDQGHU:DDOV DQGFRXORPELQWHUDFWLRQVEHWZHHQDQ\ WZRFKDLQV ,W LV
SRVVLEOHWRREWDLQPRUHSURQRXQFHGGLIIHUHQFHEHWZHHQWKH0'UHVXOWVZLWKKDUPRQLFSRWHQWLDOV
DQG)(UHVXOWVLQODUJHGHIRUPDWLRQXQGHUXQLD[LDOWHQVLRQDQGSXUHEHQGLQJLIRQHXVHVWKHVDPH
FRQVWDQW (,E .ș LQ D VLQJOH 3( FKDLQ RU (,E .ș LQ QDUURZ DUPFKDLU JUDSKHQH
QDQRULEERQVUHVSHFWLYHO\
:KHQWKHUHVXOWVRIWKH0'PRGHOVZLWKKDUPRQLFSRWHQWLDOVDQGWKH)(FDOFXODWLRQEDVHGRQ
WKHEHDPPRGHODUHFRPSDUHGZLWKWKRVHRIWKH0'UHVXOWVZLWKWKH$,5(%2SRWHQWLDOWKH660
RYHUHVWLPDWHVDQGWKHEHDPPRGHOXQGHUHVWLPDWHVWKHYDOXHVRIWKHDUPFKDLUQDQRULEERQVXQGHU
SXUHEHQGLQJFRQGLWLRQUHVSHFWLYHO\
5HIHUHQFHV
%DGLD6%RFKHY3/HKRXFT53DUNV0/)LVK -1XJJHKDOO\0*XQ]EXUJHU0$ IRUFHEDVHG
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&KDSWHU
7KH WHQVLOH DQG VKHDU IDLOXUH EHKDYLRU GHSHQGHQFH RQ FKDLQ OHQJWK DQG
WHPSHUDWXUHLQDPRUSKRXVSRO\PHUV
$EVWUDFW
7KHWHQVLOHDQGVKHDUIDLOXUHEHKDYLRUGHSHQGHQFHRQFKDLQOHQJWKDQGWHPSHUDWXUHLQDPRUSKRXV
SRO\PHUV DUH VFUXWLQL]HGXVLQJPROHFXODUG\QDPLFV VLPXODWLRQV$ZLGH UDQJHFKDLQ OHQJWKRI
DONDQHLVWHVWHGXQGHUWHQVLRQDQGVKHDUZLWKYDULRXVWHPSHUDWXUHV:HILQGWKDWWKHEURNHQUDWH
WKHEURNHQERQGQXPEHUWRDOOSRO\PHUFKDLQQXPEHUUDWLRVXQGHUWHQVLRQDQGVKHDULQFUHDVHV
ZLWK LQFUHDVLQJ FKDLQ OHQJWK DQG WHPSHUDWXUH )RU D JLYHQ FKDLQ OHQJWK DQG WHPSHUDWXUH WKH
EURNHQUDWHVXQGHUVKHDUDUHDOZD\VKLJKHUWKDQWKRVHXQGHUWHQVLRQDWDVDPHODUJHVWUDLQ)RUD
JLYHQ FKDLQ OHQJWK WKH WHQVLOH DQG VKHDU VWUHVVHV GHFUHDVH ZLWK LQFUHDVLQJ WHPSHUDWXUH :H
SURSRVH WKUHH W\SLFDO IUDFWXUHPHFKDQLVPV WRHIIHFWLYHO\HOXFLGDWH WKHGXFWLOH IUDFWXUHUHVSRQVH
EDVHGRQWKHSUHGRPLQDQFHRIFKDLQVFLVVLRQSURFHVV
,QWURGXFWLRQ

$PRUSKRXV SRO\PHUV DUH RQH RI WKHPRVW IXQGDPHQWDO SRO\PHUPROHFXODU VKDSHV WKDW KDYH
ZLGHO\ EHHQ LQYHVWLJDWHG E\ PDQ\ UHVHDUFKHUV GXH WR WKH LPSRUWDQW SK\VLFDO DQG FKHPLFDO
SURSHUWLHV%R\GHWDO3DQWHWDO*ODVVIRUPLQJSRO\PHUV77J7JLVWKHJODVV
WUDQVLWLRQ WHPSHUDWXUH DUH RI JUHDW LQGXVWULDO LPSRUWDQFH DQG VFLHQWLILF LQWHUHVW 7KHLU XQLTXH
PHFKDQLFDO SURSHUWLHV DULVH IURP WKH FRQQHFWLYLW\ DQG UDQGRPZDONOLNH VWUXFWXUH RI WKH
FRQVWLWXHQW FKDLQV 6KHSKHUG $W YHU\ VPDOO VWUDLQV WKH UHVSRQVH LV HODVWLF$W VOLJKWO\
ODUJHU VWUDLQV \LHOGLQJ RFFXUV ZKHQ LQWHUPROHFXODU EDUULHUV WR VHJPHQWDO UHDUUDQJHPHQWV DUH
RYHUFRPH)ROORZLQJ\LHOG WKHPDWHULDOPD\H[KLELWVWUDLQVRIWHQLQJDUHGXFWLRQLQVWUHVV WRD
OHYHOFRUUHVSRQGLQJWRSODVWLFIORZ$WKLJKHUVWUDLQVWKHVWUHVVLQFUHDVHVDVWKHFKDLQPROHFXOHV
RULHQW LQ D SURFHVV NQRZQ DV VWUDLQ KDUGHQLQJ 6WUDLQ KDUGHQLQJ VXSSUHVVHV VWUDLQ ORFDOL]DWLRQ
FUD]LQJ QHFNLQJ VKHDU EDQGLQJ DQG LV FULWLFDO LQ GHWHUPLQLQJ PDWHULDO SURSHUWLHV VXFK DV
WRXJKQHVVDQGZHDUUHVLVWDQFH+R\HWDO+R\HWDO,QWKHRWKHUKDQGWKH\LHOG
                                                          
 7KHZRUNKDVEHHQSXEOLVKHGRQWKLQWHUQDWLRQDOFRQIHUHQFHRIIUDFWXUH!!LQ
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SRLQWRIWKHSRO\PHUVGLVDSSHDUVDIWHU7!7J5HFHQWO\ZHKDYHIRXQGWKDWWKHFKDLQOHQJWK&/
DQGWHPSHUDWXUHKDYHDODUJHHIIHFWRQWKHWKHUPRPHFKDQLFDOSURSHUWLHVRIOLQHDUSRO\PHUV=KDR
HW DO D =KDR HW DO E =KDR HW DO  EDVHG RQ XQLWHGDWRP 8$ DQG FRDUVH
JUDLQHG&*PROHFXODUG\QDPLFV0'VLPXODWLRQV6LQFHWKH8$DQG&*SRWHQWLDOVOLPLWDWLRQV
WKH HIIHFW RI WKH &/ DQG WHPSHUDWXUH RQ WKH IDLOXUH EHKDYLRU LV QRW XQGHUVWRRG ZHOO \HW
(VSHFLDOO\ WKH IDLOXUH EHKDYLRU XQGHU VKHDU KDV EHHQ VFDUFHO\ UHSRUWHG LQ SUHYLRXV ZRUN
7KHUHIRUHXQGHUVWDQGLQJWKHPROHFXODURULJLQVRIPDFURVFRSLFIUDFWXUHEHKDYLRUVXFKDVIUDFWXUH
HQHUJ\LVDIXQGDPHQWDOVFLHQWLILFFKDOOHQJH+R\HWDO
,Q WKLV SDSHU WKH WHQVLOH DQG VKHDU IDLOXUH EHKDYLRU GHSHQGHQFH RQ &/ DQG WHPSHUDWXUH LQ
OLQHDUSRO\PHUVDUH VFUXWLQL]HGXVLQJ0'VLPXODWLRQV$ZLGH UDQJHFKDLQ OHQJWKRIDONDQH LV
WHVWHGXQGHU WHQVLRQDQGVKHDUZLWKYDULRXV WHPSHUDWXUHV7KH IUDFWXUHPHFKDQLVP LVSURSRVHG
EDVHGRQWKHGHWDLOHGDQDO\VLVRIWKHIUDFWXUHUHVSRQVH
6LPXODWLRQVGHWDLOV
7KHEXONVWUXFWXUHRIOLQHDUSRO\PHUVFDQEHPRGHOHGXVLQJWKHVHPLFU\VWDOOLQHODWWLFHPHWKRG
)DXORQZKLFKXWLOL]HV WKH IDFHFHQWHUHGFXELF IFFGLDPRQGVWUXFWXUHDVD WHPSODWH WR
FDUERQEDFNERQHVRIHQWDQJOHGSRO\PHUV7KHGHWDLOHGSURFHVVZDVGHWDLOHGO\GHVFULEHG LQRXU
SUHYLRXVZRUN .UHPHU DQG*UHVW 7KH WRWDO QXPEHU RI EHDGV LQ WKH LQLWLDO VWUXFWXUH LV
NHSW FRQVWDQW  IURP &/  WR &/  LQ ZKLFK WKH QXPEHU RI FKDLQV FKDQJHV
DFFRUGLQJO\IURP&/ WR&/ 6LQFHRXUDLPGRHVQRWVLPXODWHDVSHFLILF
SRO\PHUZHXVHDEHDGVSULQJSRO\PHUPRGHOGHULYHGIURPWKHRQHVXJJHVWHGE\.UHPHUDQG
*UHVW$ILQLWHO\H[WHQGDEOHQRQOLQHDUHODVWLF)(1(EDFNERQGSRWHQWLDOLVDSSOLHGDORQJ
WKHSRO\PHUFKDLQ
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ZKHUH N  DQG 5  WR JXDUDQWHH D FHUWDLQ VWLIIQHVV RI WKH ERQGV ZKLOH DYRLGLQJ KLJK
IUHTXHQF\PRGHV ZKLFKZRXOG UHTXLUH D UDWKHU VPDOO WLPH VWHS IRU WKH LQWHJUDWLRQ DQG FKDLQ
FURVVLQJ %HQQHPDQQHWDO7KHEHDGV LQWHUDFW WKURXJKD WUXQFDWHG/HQQDUG-RQHV /-
SRWHQWLDORIWKHIRUP
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
ZKHUHİDQGıDUHWKHFKDUDFWHULVWLFHQHUJ\DQGGLVWDQFHSDUDPHWHUVWKDWGHILQHWKHVKDSHRIWKH
HQHUJ\GLVWDQFHFXUYHZKLOHUFLVWKHFXWRIIGLVWDQFHIRUWKHSRWHQWLDO7KH/-SRWHQWLDOSURYLGHV
DVPRRWKWUDQVLWLRQWR]HURYDOXHVDWWKHFXWRIIGLVWDQFH,QWKLVZRUNZHDGRSWWKHUHGXFHGXQLWV
IRUPDOLVPDQGDOOSK\VLFDOTXDQWLWLHVDUHH[SUHVVHGDVPXOWLSOHVRIP EHDGPDVV İıDQGNE
%ROW]PDQQFRQVWDQWZKLOHWKHVHSDUDPHWHUVDUHVHWHTXDOWRRQHLQRXUFRPSXWDWLRQ3DQLFRHW
DO7KHERQGLVEURNHQDVU!ıDQGWKHFRUUHVSRQGLQJLQWHUDFWLRQLVVKXWRIIZKLOHD
QRQERQGHG/-LQWHUDFWLRQLVLQWURGXFHGEHWZHHQWKHWZREHDGV
(DFK JHQHUDWHG LQLWLDO WKUHHGLPHQVLRQDO VWUXFWXUH LV DQQHDOHG IRU î VWHSV XQWLO WKH
SUHVVXUH DQG HQHUJ\ RI WKH V\VWHP LV VWDEOH NHHSLQJ ERWK WKH WHPSHUDWXUH 7 İNE DQG WKH
SUHVVXUH3  WKH WLPH VWHS GW  LQ WKH137 HQVHPEOH FRQWUROOHG E\ WKH1RVH+RRYHU¶V
WKHUPRVWDW 1RVH7KHQ WKH V\VWHP LV FRROHGGRZQ WREH WKHJLYHQ WHPSHUDWXUHE\ WKH
VDPH137 HQVHPEOHDQG WKHGHQVLW\RI WKH V\VWHP LVPRQLWRUHGZKLOH FRROLQJ VWHSZLVHDW DQ
HIIHFWLYHUDWHRIîVWHSV7KHV\VWHPLVWKHQNHSWDWWKHFRQVWDQWWHPSHUDWXUHWKHJLYHQ
WHPSHUDWXUHIRUîVWHSVLQWKHVDPH137HQVHPEOH7KHREWDLQHGVWUXFWXUHVDUHVXEMHFWHGWR
WKH XQLD[LDO WHQVLRQ DQG FRPSUHVVLRQ DQG SHUIRUPHG WR REWDLQ VWUHVV±VWUDLQ UHVSRQVH ZLWK
GLIIHUHQW &/ DQG WHPSHUDWXUH LQ WKH QRQHTXLOLEULXP 0' VLPXODWLRQV &DSDOGL HW DO 
3HULRGLF ERXQGDU\ FRQGLWLRQV DUH DSSOLHG LQ DOO GLUHFWLRQV$OO WKH0' VLPXODWLRQV KDYH EHHQ
SHUIRUPHGXVLQJ/$0036VRIWZDUH3OLPSWRQ
5HVXOWVDQGGLVFXVVLRQ
)DLOXUHEHKDYLRUXQGHUXQLD[LDOWHQVLRQ
)LJVKRZVWKHVWUHVVVWUDLQFXUYHVZLWKGLIIHUHQW&/IRUWZRGLIIHUHQWWHPSHUDWXUH7 
DQG7 7KH W\SLFDO SURFHVV HODVWLF \LHOGLQJ VRIWHQLQJDQGKDUGHQLQJ LVGLVSOD\HG LQ)LJ
 ZKLOH WKH KDUGHQLQJ SURFHVV LV QRW HYLGHQW ZKHQ &/ DQG WKH GLIIHUHQFH DPRQJ WKH
QRQOLQHDUSDUWVRIWKHVWUHVVVWUDLQFXUYHVLVDOVRQRWODUJHZKHQ&/7KHPDLQUHDVRQLVWKDW
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WKHGHQVLW\DQGHQWDQJOHPHQWRIVKRUW&/LV ORZHU WKDQ WKRVHRI ORQJHUFKDLQZKLFKUHVXOWV LQ
WKDW WKH ERQG QXPEHU SHU XQLW YROXPH LQ VKRUW &/ LV ORZHU WKDQ WKRVH LQ ORQJHU &/ 6R WKH
UHTXLUHGH[WHUQDOZRUNIRUWKHVKRUWHU&/LVORZHUWKDQWKDWIRUWKHORQJHU&/7KDWLVWRVD\WKH
VWLIIQHVVRI WKHVKRUWHU&/LV ORZHUWKDQWKDWRIORQJHU&/6LQFHWKHGHQVLW\DOPRVW WHQGVWRD
FRQVWDQWZKHQ&/=KDRHWDODWKHHIIHFWLVQRWHYLGHQWLQWKHUDQJHRI&/)LJ
 VKRZV ERQG EURNHQ UDWH WKH QXPEHU RI EURNHQ ERQG  WKH QXPEHU RI WRWDO FKDLQV ZLWK
GLIIHUHQW WHQVLOH VWUDLQ IRU GLIIHUHQW &/ DQG WZR WHPSHUDWXUHV 7  DQG 7  LQ ZKLFK WKH
EURNHUDWHLQFUHDVHVZLWKLQFUHDVLQJ&/


)LJ7KHWHQVLOHVWUHVVVWUDLQFXUYHVZLWKGLIIHUHQWFKDLQOHQJWKIRUWZRGLIIHUHQWWHPSHUDWXUHVD7 E
7 
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
)LJ7KHEURNHQUDWHVWUDLQFXUYHVZLWKGLIIHUHQWFKDLQOHQJWKIRUWZRGLIIHUHQWWHPSHUDWXUHVD7 E
7 

:HDOVRILQGWKDWWKHILUVWEURNHQERQGLVRFFXUUHGDWVWUDLQ!DQGWKHVWUHVVLVVWLOOKDUGHQLQJ
ZLWK LQFUHDVLQJ VWUDLQ E\ FRPSDULVRQ ZLWK )LJ  DQG )LJ  $IWHU VWUDLQ! WKH VWUHVV
GHFUHDVHVDQGWKHQXPEHURIWKHWRWDOEURNHQERQGVWHQGVWRDFRQVWDQW)LJVKRZVWKHVWUHVV
VWUDLQFXUYHVDQGEURNHQ UDWH IRU&/ ZLWKGLIIHUHQW WHPSHUDWXUH7KHVWUHVVGHFUHDVHVDQG
WKH EURNHQ UDWH LQFUHDVHV ZLWK LQFUHDVLQJ WHPSHUDWXUH IRU VDPH VWUDLQ )RU KLJK WHPSHUDWXUH
7 DQGWKHQXPEHURIEURNHQERQGDOZD\VLQFUHDVHVZLWKLQFUHDVLQJVWUDLQHYHQLIWKH
VWUDLQ LV KLJKHU WKDQ  7KH SRVVLEOH UHDVRQ LV WKDW WKH WHPSHUDWXUH LV KLJKHU WKDQ WKH JODVV
WUDQVLWLRQ WHPSHUDWXUH7J  KHUHZKHQ7 DQG LQZKLFK WKHFUHHSDQGKLJKHODVWLF
SURSHUW\ LV PRUH HYLGHQW LQ WKH KLJK WHPSHUDWXUH DQG WKH \LHOG SRLQW GLVDSSHDUV 7R LQWHUSUHW
WKHVH0'VLPXODWLRQVDQGREWDLQLQVLJKWLQWRWKHGLIIHUHQFHLQIUDFWXUHEHKDYLRURIGLIIHUHQW&/
DQG WHPSHUDWXUH ZH SORW WKH DWRPLF VWUDLQ GLVWULEXWLRQ LQ WKH GHIRUPHG FRQILJXUDWLRQ RI WKH
SRO\PHUPRGHOV LQ)LJDQG)LJ7KHXOWLPDWHIUDFWXUHVWUDLQ LQFUHDVHVZLWK LQFUHDVLQJ
WHPSHUDWXUH LQ)LJ ZKLFKJLYHV D JRRGH[SODQDWLRQRI WKH DERYHDQDO\VLV ,Q)LJ  QR
YRLGRUDWRPLFVWUDLQFRQFHQWUDWLRQIRU&/ FDQEHIRXQGHYHQDWVWUDLQ ZKLFKYDOLGDWHV
QR EURNHQERQG LQ)LJ D7KH XOWLPDWH IUDFWXUH VWUDLQ DOPRVW LQFUHDVHVZLWK LQFUHDVLQJ&/
ZKHQ&/ZKLFKLVDOVRYDOLGDWHGIURP)LJD
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
)LJ7KHWHQVLOHVWUHVVVWUDLQDQGEURNHQUDWHVWUDLQFXUYHVZLWKGLIIHUHQWWHPSHUDWXUHIRU&/ D6WUHVV
VWUDLQFXUYHVE%URNHQUDWHVWUDLQFXUYHV


)LJ7KHDWRPLFVWUDLQDORQJWKHWHQVLOHGLUHFWLRQGLVWULEXWLRQIRU&/ DWGLIIHUHQWWHPSHUDWXUH


)LJ7KHDWRPLFVWUDLQDORQJWKHWHQVLOHGLUHFWLRQGLVWULEXWLRQIRUGLIIHUHQW&/DW7 
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
7KUHHW\SLFDOPHFKDQLVPVRIWKHIUDFWXUHEHKDYLRUXQGHUXQLD[LDOWHQVLRQDUHSORWWHGLQ)LJ
)LJ D UHSUHVHQWV WKH FRYDOHQWERQGEURNHQSKHQRPHQRQZKLFK UHTXLUHVYHU\KLJKH[WHUQDO
ORDGLQJDERXW03DIRUOLQHDUSRO\PHUV)LJEUHSUHVHQWVWKHSRO\PHUFKDLQVOLSSLQJ
ZLWKHDFKRWKHUDERXW03D)LJFUHSUHVHQWVWKHVHSDUDWLRQEHWZHHQDQ\WZRSRO\PHU
FKDLQVZKLFKLVPDLQO\GRPLQDWHGE\YDQGHU:DDOVLQWHUDFWLRQVDERXW03D)RUVKRUW&/
WKHIUDFWXUHEHKDYLRULVPDLQO\GHWHUPLQHGE\WKHFKDLQVOLSSLQJDQGVHSDUDWLRQ)RUORQJHU&/
WKH IUDFWXUH EHKDYLRU LV GRPLQDWHG E\ WKH FRPSHWLWLRQ EHWZHHQ WKH FKDLQ VOLSSLQJ DQG ERQG
EURNHQPHFKDQLVPV LQZKLFK WKHERQGEURNHQPHFKDQLVP LQFUHDVHVZLWK LQFUHDVLQJ&/VLQFH
WKH HQWDQJOHPHQW GHQVLW\ LQFUHDVHV ZLWK LQFUHDVLQJ &/ )RU YHU\ ORQJ &/ WKH ERQG EURNHQ
PHFKDQLVP PDLQO\ GRPLQDWHV WKH IUDFWXUH EHKDYLRU 7KH WKUHH PHFKDQLVPV SURYLGH D JRRG
H[SODQDWLRQRIWKH0'UHVXOWVIURP)LJWR)LJ

)LJ7KUHHW\SLFDOPHFKDQLVPVRIPLFURVWUXFWXUDOHYROXWLRQXQGHUXQLD[LDOWHQVLRQLQOLQHDUSRO\PHUV
)DLOXUHEHKDYLRUXQGHUVKHDU
)LJVKRZVWKHVKHDUVWUHVVVWUDLQFXUYHVZLWKGLIIHUHQW&/IRUWZRGLIIHUHQWWHPSHUDWXUHV
7  DQG 7  7KH W\SLFDO SURFHVV HODVWLF \LHOGLQJ VRIWHQLQJ DQG KDUGHQLQJ LV DOVR
GLVSOD\HGLQ)LJ8QOLNHWHQVLRQ WKHKDUGHQLQJSURFHVVLVDOVRHYLGHQWHYHQIRUYHU\VKRUW
&/7KHVWUHVVVWUHQJWKWKHSHDNSRLQWRIWKHVWUHVVDQGVWUDLQVWUHQJWKWKHVWUDLQDWWKHVWUHVV
VWUHQJWKSRLQWERWKLQFUHDVHZLWKLQFUHDVLQJ&/ZKHQ&/7KHSRVVLEOHUHDVRQLVWKDWWKH
SRO\PHUFKDLQVPDLQO\NHHSWKHVOLSSLQJSURFHVVHYHQLQWKHKDUGHQLQJVWDJHXQGHUVKHDUZKLOH
WKHSRO\PHUFKDLQVDUHPDLQO\VWUHWFKLQJSURFHVVDIWHUHODVWLFVWDJHXQGHUWHQVLRQ
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
)LJ7KHVKHDUVWUHVVVWUDLQFXUYHVZLWKGLIIHUHQWFKDLQOHQJWKIRUWZRGLIIHUHQWWHPSHUDWXUHVD7 E
7 

)LJVKRZVWKHFRUUHVSRQGLQJEURNHQUDWHZLWKGLIIHUHQW&/IRUWZRGLIIHUHQWWHPSHUDWXUHV
RI)LJ6LPLODU WR WHQVLRQ WKHVKHDUEURNHQUDWHDOVR LQFUHDVHVZLWK LQFUHDVLQJ&/8QOLNH
WHQVLRQ WKH EURNH UDWH DOZD\V LQFUHDVHV ZLWK LQFUHDVLQJ VKHDU VWUDLQ HYHQ VWUDLQ! )LJ 
VKRZV WKH UDWLR RI WHQVLOH EURNHQ UDWH WR VKHDU EURNHQ UDWH ZLWK GLIIHUHQW VWUDLQ 7KH UDWLR LV
DOZD\VVPDOOHUWKDQ,QRWKHUZRUGVIRUDJLYHQFKDLQOHQJWKDQGWHPSHUDWXUHWKHEURNHQUDWHV
XQGHU VKHDU DUH DOZD\V KLJKHU WKDQ WKRVH XQGHU WHQVLRQ IRU D VDPH ODUJH VWUDLQ 7KH SRVVLEOH
UHDVRQ LV WKDW WKH VOLSSLQJ DQG VHSDUDWLRQ SURFHVV PDLQO\ GRPLQDWH WKH IRUZDUG VWDJH RI WKH
IUDFWXUHEHKDYLRUXQGHUVKHDUZKLOHWKHFRXSOLQJVOLSSLQJDQGEURNHQPHFKDQLVPVGHWHUPLQHWKH
IUDFWXUH EHKDYLRU XQGHU XQLD[LDO WHQVLRQ 7KH UF  RI /- SRWHQWLDO LV KLJKHU WKDQ WKH EURNHQ
GLVWDQFHRIUEURNHQ VHHVHFWLRQZKLFKOHDGVWRWKHKLJKHUXOWLPDWHIUDFWXUHVWUDLQWKDWLV
WKHVWUXFWXUHLVEURNHQDVWZRSDUWVXQGHUVKHDU
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
)LJ7KHVKHDUEURNHQUDWHVWUDLQFXUYHVZLWKGLIIHUHQWFKDLQOHQJWKIRUWZRGLIIHUHQWWHPSHUDWXUHD7 E
7 


)LJ7KHWHQVLOHEURNHQUDWHVKHDUEURNHQUDWHZLWKGLIIHUHQWFKDLQOHQJWKIRUGLIIHUHQWWHPSHUDWXUHD7 
E7 

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
)LJ7KHVKHDUVWUHVVVWUDLQDQGEURNHQUDWHVWUDLQFXUYHVZLWKGLIIHUHQWWHPSHUDWXUHIRU&/ D6WUHVV
VWUDLQFXUYHVE%URNHQUDWHVWUDLQFXUYHV


)LJ7KHDWRPLFVWUDLQDORQJWKHVKHDUGLUHFWLRQGLVWULEXWLRQIRU&/ DWGLIIHUHQWWHPSHUDWXUHXQGHUVKHDU
VWUDLQ 

)LJ  VKRZV WKH VKHDU VWUHVVVWUDLQ FXUYHV DQG EURNHQ UDWH IRU &/  ZLWK GLIIHUHQW
WHPSHUDWXUH 7KH VKHDU VWUHVV GHFUHDVHVZLWK LQFUHDVLQJ WHPSHUDWXUH IRU VDPH VWUDLQ )RU KLJK
WHPSHUDWXUH7 DQGQRHYLGHQW\LHOGSRLQWFDQEHDOVRVHHQLQ)LJDZKLFKLVVDPH
ZLWKWHQVLRQ7KHGLIIHUHQFHRIVKHDUEURNHQUDWHIRUGLIIHUHQWWHPSHUDWXUHLVQRWODUJHDV7
7R IXUWKHU XQGHUVWDQG WKH UHVSRQVH ZH SORW WKH DWRPLF VWUDLQ DORQJ WKH VKHDU GLUHFWLRQ
GLVWULEXWLRQ XQGHU VKHDU VWUDLQ  IRU GLIIHUHQW WHPSHUDWXUHV DQG &/ LQ WKH GHIRUPHG
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FRQILJXUDWLRQRIWKHSRO\PHUPRGHOVLQ)LJDQG)LJ)RU&/ XQGHUVDPHVKHDU
VWUDLQWKHGLIIHUHQFHRIWKHDWRPLFVWUDLQGLVWULEXWLRQZLWKGLIIHUHQWWHPSHUDWXUHLVQRWHYLGHQWLQ
)LJ)RU7 WKHDWRPLFVWUDLQFRQFHQWUDWLRQLQFUHDVHVZLWKLQFUHDVLQJ&/LQ)LJ
7KHSRVVLEOHUHDVRQLVWKDWPRUHHQWDQJOHPHQWVDUHLQODUJH&/ZKLFKOHDGVWRWKHDWRPLFVWUHVV
FRQFHQWUDWLRQDWWKHVHSRVLWLRQV

)LJ7KHDWRPLFVWUDLQDORQJWKHVKHDUGLUHFWLRQGLVWULEXWLRQIRUGLIIHUHQW&/XQGHUVKHDUVWUDLQ DW7 
)URPDERYHDQDO\VLVWKHXOWLPDWHIUDFWXUHVWUDLQLQFUHDVHVZLWKLQFUHDVLQJWHPSHUDWXUHXQGHU
XQLD[LDOWHQVLRQ8QGHUXQLD[LDOWHQVLRQWKHIUDFWXUHEHKDYLRULVPDLQO\GHWHUPLQHGE\WKHFKDLQ
VOLSSLQJDQGVHSDUDWLRQIRUVKRUW&/)RUORQJHU&/WKHIUDFWXUHEHKDYLRULVGRPLQDWHGE\WKH
FRPSHWLWLRQEHWZHHQWKHFKDLQVOLSSLQJDQGERQGEURNHQPHFKDQLVPVLQZKLFKWKHERQGEURNHQ
PHFKDQLVP LQFUHDVHV ZLWK LQFUHDVLQJ &/ VLQFH WKH HQWDQJOHPHQW GHQVLW\ LQFUHDVHV ZLWK
LQFUHDVLQJ&/ )RU YHU\ ORQJ&/ WKH ERQG EURNHQPHFKDQLVPPDLQO\ GRPLQDWHV WKH IUDFWXUH
EHKDYLRU8QGHUVKHDUWKHDWRPLFVWUDLQFRQFHQWUDWLRQLQFUHDVHVZLWKLQFUHDVLQJ&/IRUDJLYHQ
WHPSHUDWXUH7KHVKHDUEURNHQUDWHLVDOZD\VKLJKHUWKDQWKDWXQGHUWHQVLRQIRUVDPH&/LQWKH
VDPH ODUJH VWUDLQ 7KH SRVVLEOH UHDVRQ LV WKDW WKH VOLSSLQJ DQG VHSDUDWLRQ SURFHVV PDLQO\
GRPLQDWHWKHIRUZDUGVWDJHRIWKHIUDFWXUHEHKDYLRUXQGHUVKHDUZKLOHWKHFRXSOLQJVOLSSLQJDQG
EURNHQPHFKDQLVPV GHWHUPLQH WKH IUDFWXUH EHKDYLRU XQGHU XQLD[LDO WHQVLRQ 7KH UF  RI /-
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SRWHQWLDO LVKLJKHUWKDQWKHEURNHQGLVWDQFHRIUEURNHQ VHHVHFWLRQZKLFKOHDGVWR WKH
KLJKHUXOWLPDWHIUDFWXUHVWUDLQWKDWLVWKHVWUXFWXUHLVEURNHQDVWZRSDUWVXQGHUVKHDU
&RQFOXGLQJUHPDUNV
,Q VXPPDU\ WKH WHQVLOH DQG VKHDU IDLOXUH EHKDYLRU GHSHQGHQFH RQ FKDLQ OHQJWK DQG
WHPSHUDWXUH LQ OLQHDUSRO\PHUVDUH LQYHVWLJDWHGXVLQJPROHFXODUG\QDPLFVVLPXODWLRQV$ZLGH
UDQJHFKDLQOHQJWKRIDONDQHLVWHVWHGXQGHUWHQVLRQDQGVKHDUZLWKYDULRXVWHPSHUDWXUHV:HILQG
WKDWWKHEURNHQUDWHWKHEURNHQERQGQXPEHUWRDOOSRO\PHUFKDLQQXPEHUUDWLRVXQGHUWHQVLRQ
DQGVKHDULQFUHDVHVZLWKLQFUHDVLQJFKDLQOHQJWKDQGWHPSHUDWXUH)RUDJLYHQFKDLQOHQJWKDQG
WHPSHUDWXUHWKHEURNHQUDWHVXQGHUVKHDUDUHDOZD\VKLJKHUWKDQWKRVHXQGHUWHQVLRQDWDVDPH
ODUJH VWUDLQ )RU D JLYHQ FKDLQ OHQJWK WKH WHQVLOH DQG VKHDU VWUHVVHV GHFUHDVHZLWK LQFUHDVLQJ
WHPSHUDWXUH 8QGHU XQLD[LDO WHQVLRQ WKH IUDFWXUH EHKDYLRU LV PDLQO\ GHWHUPLQHG E\ WKH FKDLQ
VOLSSLQJDQGVHSDUDWLRQIRUVKRUW&/)RUORQJHU&/WKHIUDFWXUHEHKDYLRULVGRPLQDWHGE\WKH
FRPSHWLWLRQEHWZHHQWKHFKDLQVOLSSLQJDQGERQGEURNHQPHFKDQLVPVLQZKLFKWKHERQGEURNHQ
PHFKDQLVPLQFUHDVHVZLWKLQFUHDVLQJ&/)RUYHU\ORQJ&/WKHERQGEURNHQPHFKDQLVPPDLQO\
GRPLQDWHV WKH IUDFWXUH EHKDYLRU 7KH VOLSSLQJ DQG VHSDUDWLRQ SURFHVV PDLQO\ GRPLQDWH WKH
IRUZDUG VWDJH RI WKH IUDFWXUH EHKDYLRU XQGHU VKHDU 7KH UF  RI /- SRWHQWLDO LV KLJKHU WKDQ
U)  ERQG EURNHQZKLFK OHDGV WR WKH KLJKHU XOWLPDWH IUDFWXUH VWUDLQ XQGHU VKHDU WKDQ WKDW
XQGHUXQLD[LDOWHQVLRQ
5HIHUHQFHV

& %HQQHPDQQ: 3DXO . %LQGHU0ROHFXODUG\QDPLFV VLPXODWLRQV RI WKH WKHUPDO JODVV WUDQVLWLRQ LQ SRO\PHU
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
-/)DXORQ6WRFKDVWLFJHQHUDWRURIFKHPLFDOVWUXFWXUH%XLOGLQJSRO\PHULFV\VWHPVZLWKVSHFLILHGSURSHUWLHV-
&RPSXW&KHP
56+R\025REELQV6WUDLQKDUGHQLQJRISRO\PHUJODVVHV(QWDQJOHPHQWVHQHUJHWLFVDQGSODVWLFLW\3K\V5HZ
(
56+R\025REELQV6WUDLQKDUGHQLQJLQSRO\PHUJODVVHVOLPLWDWLRQVRIQHWZRUNPRGHOV3K\V5HY/HWW

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..UHPHU*6*UHVW'\QDPLFVRIHQWDQJOHGOLQHDUSRO\PHUPHOWVௗ$PROHFXODUϋG\QDPLFVVLPXODWLRQ-&KHP
3K\V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
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
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
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
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-(6KHSKHUG0XOWLVFDOHPRGHOLQJRIWKHGHIRUPDWLRQRIVHPLFU\VWDOOLQHSRO\PHUV3K'WKHVLV*HRUJLD,QVWLWXWH
RI7HFKQRORJ\86$
-=KDR61DJDR=/=KDQJ7KHUPRPHFKDQLFDO SURSHUWLHVGHSHQGHQFHRQ FKDLQ OHQJWK LQEXONSRO\HWK\OHQH
&RDUVHJUDLQHGPROHFXODUG\QDPLFVVLPXODWLRQV-0DWHU5HVD
-+=KDR61DJDR=/=KDQJ+.ULVWLDQVHQ&RDUVHJUDLQHGPROHFXODUG\QDPLFVVLPXODWLRQVRQVL]HHIIHFWRI
JODVV\SRO\HWK\OHQHSDUWLFOHV-1DQRVFL1DQRWHFKE±
-=KDR-:-LDQJ1:HL<=KDQJ75DEF]XN7KHUPDOFRQGXFWLYLW\GHSHQGHQFHRQFKDLQOHQJWKLQDPRUSKRXV
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&KDSWHU
(IIHFWVRIWKHGLVSHUVLRQRISRO\PHUZUDSSHGWZRQHLJKERXULQJVLQJOHZDOOHG
FDUERQQDQRWXEHV6:17VRQQDQRHQJLQHHULQJORDGWUDQVIHU
$EVWUDFW
7KH LQIOXHQFH RI SRO\PHU ZUDSSHG WZR QHLJKERXULQJ VLQJOHZDOOHG QDQRWXEHV
 6:17V
GLVSHUVLRQRQ WKHLU ORDG WUDQVIHU LV LQYHVWLJDWHGE\PROHFXODUG\QDPLFV0'VLPXODWLRQV7KH
LQIOXHQFH RI WKH 6:17V
 SRVLWLRQ WKH SRO\PHU FKDLQ OHQJWK DQG WKH WHPSHUDWXUH RQ WKH
LQWHUDFWLRQIRUFHEHWZHHQWKHWZRQHLJKERXULQJ6:17VLVV\VWHPDWLFDOO\VWXGLHG7KHUHDUHIRXU
PDLQILQGLQJVIURPRXUVLPXODWLRQV 7KHGLVSHUVLRQDQJOHGRPLQDWHV WKHDPSOLWXGHDQG WKH
LQWHUDFWLRQIRUFHHYROXWLRQZLWKRUZLWKRXWSRO\PHUGXULQJWKHSXOOLQJSURFHVVRIWZR6:17V
7KH FKDLQ OHQJWK GRHVQ
W DIIHFW WKH WZR 6:17V
 LQWHUDFWLRQ IRUFH ZLWKLQ D VKRUW VHSDUDWLRQ
GLVWDQFH WKHVRFDOOHG)RUFHHQKDQFLQJSRLQW7KHHQKDQFHGORDGHIIHFWRI WKHSRO\PHUWDNHV
SODFH DIWHU WKH ORDG GLVSODFHPHQW JRHV DFURVV WKLV SRLQW  7KH WHPSHUDWXUH KDV D PLQRU
LQIOXHQFH RQ WKH PD[LPXP SXOO IRUFH ZKLOH WKH LQFUHDVHG WHPSHUDWXUH JUHDWO\ GHFUHDVHV WKH
SXOORXW HQHUJ\ %DVHG RQ WKH GHWDLOHG DQDO\VLV RI WKH VHSDUDWLRQ SURFHVV WKH VHOIUHSDLULQJ
IXQFWLRQ RI WKH V\VWHP LV IRXQG7KH SUHVHQW UHVXOWV SURYLGH D JXLGDQFH IRU XQGHUVWDQGLQJ WKH
ORDGWUDQVIHURI6:17GLVSHUVLRQLQSKRQRQLFGHYLFHV
,QWURGXFWLRQ
$IWHUWKHGLVFRYHU\RIFDUERQQDQRWXEHV&17VE\,LMLPDLQ,LMLPDDOPRVWWZR
GHFDGHVDJR WKH&17EDVHGSRO\PHUQDQRFRPSRVLWHVKDYHEHHQUHFHLYHGJUHDW LQWHUHVWGXH WR
WKH HQKDQFHPHQW LQPHFKDQLFDO 6HQ HW DO  WKHUPDO &ODQF\ DQG*DWHV  RSWLFDO
.\PDNLVDQG$PDUDWXQJDHOHFWULFDODQGPDJQHWLFSURSHUWLHV6DQGOHUHWDOZLWK
UHVSHFW WR QHDW SRO\PHU .RPDUQHQL  7KH\ DUH XVHG LQ WKH DHURVSDFH DQG DXWRPRWLYH
LQGXVWULHV %UHXHU DQG 6XQGDUDUDM  DV VHQVRUV .DVXPRY HW DO  DFWXDWRUV
%DXJKPDQDQGHOHFWURFKHPLFDOFDSDFLWRUVLQWKHHOHFWURQLFVLQGXVWU\1LXHWDO
                                                          
 7KH ZRUN ZDV GRQH E\ WKH FRRSHUDWLRQ ZLWK 'U <DQFKHQJ =KDQJ DQG SXEOLVKHG RQ &RPSRVLWH SDUW %
(QJLQHHULQJ!!    LQZKLFK WKHPRVW SDUW RI WKHZRUNZDV GRQH E\'U<DQFKHQJ=KDQJ
EDVHGRQP\PXFKLPSRUWDQWJXLGDQFH
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5HFHQWO\LQFUHDVHGLQWHUHVWKDVDOVREHHQUHFHLYHGIRUWKHSKRQRQLFGHYLFHVLQZKLFKKHDWIORZ
LVPDQLSXODWHGDQGFRQWUROOHGLQQDQRVWUXFWXUHV&KDQJHWDO&KDQJHWDOZKHUHLQ
WKH FDUERQ QDQRVWUXFWXUHV DUH H[FHOOHQW FDQGLGDWHV IRU PXOWLIXQFWLRQDO WKHUPDO PDQDJHPHQW
QHWZRUN +RZHYHU WKH ZHDN YDQ GHU :DDOV LQWHUDFWLRQ FDQQRW UHOLDEO\ KROG WKH QDQRWXEHV
WRJHWKHU XQGHU WKHUPDO IOXFWXDWLRQV RU GXH WR HODVWLF GHIRUPDWLRQ RI WKH PDWHULDO OHDGLQJ WR
LQIHULRU PHFKDQLFDO VWDELOLW\ 2QH H[SHULPHQWDOO\ IHDVLEOH DSSURDFK LV WR ZUDS WKH FDUERQ
QDQRWXEH MXQFWLRQV XVLQJ SRO\PHU FKDLQV KDV EHHQ UHSRUWHG LQ OLWHUDWXUH 'DOWRQ HW DO 
=KDQJ HW DO  1HYHUWKHOHVV VRPH VLJQLILFDQW FKDOOHQJHV UHPDLQ LQ WKH GHVLJQ DQG
XQGHUVWDQGLQJ RI WKH QDQRVWUXFWXUH VXFK DV WKH GLVSHUVLRQ RI WKH&17VZLWKLQ WKH FRQVLGHUHG
SRO\PHU PDWUL[ =KHQJ HW DO  8QIRUWXQDWHO\ WKH LQVXIILFLHQW GLVSHUVDELOLW\ RI VLQJOH
ZDOOHGFDUERQQDQRWXEHV6:17VRFFXUV LQPRVWFRPPRQVROYHQWVGXH WR WKHYDQGHU:DDOV
DWWUDFWLRQ DPRQJ WXEHV /RFDOO\ FDUERQQDQRWXEHV WHQGV WR ELQG DQG IRUP HQHUJHWLFDOO\ VWDEOH
EXQGOHV 'UHVVHOKDXV HW DO  ZKLFK PDNHV LW GLIILFXOW WR XQGHUVWDQG DQG H[SORUH WKHLU
SK\VLFDODQGFKHPLFDOSURSHUWLHV7KHUHIRUHWKHSKHQRPHQRQLPSOLHVPDQ\OLPLWDWLRQVIRUWKHLU
SUDFWLFDODSSOLFDWLRQV6KLQHWDO8SWRQRZGLVSHUVLRQRI&17VLQSRO\PHU6KLQHWDO
=KDRHWDO4LDQHWDODQGPHWDODOOR\PHGLD(VDZLHWDOKDYHEHHQ
UHSRUWHG 7KHVH VWXGLHVPDLQO\ IRFXV RQ H[SHULPHQWV DQG WKH JOREDO HIIHFW RQ WKHPHFKDQLFDO
EHKDYLRURIWKHQDQRFRPSRVLWHV0RUHGHWDLOHGLQIRUPDWLRQDERXWWKHLQWHUDFWLRQDQGVHSDUDWLRQ
EHWZHHQ&17VLVQHHGHG$QDO\WLFDOLQWHUIDFHPRGHOVKDYHEHHQGHYHORSHGIRUERWKRSHQLQJDQG
VOLGLQJPRGHVZKLOHERWK&17DQGWKHSRO\PHUZHUHDVVXPHGWREHULJLG-LDQJHWDO
0ROHFXODU G\QDPLFV 0' VLPXODWLRQV KDYH EHHQ SHUIRUPHG WR VWXG\ WKH LQWHUIDFLDO
PHFKDQLFDO EHKDYLRU EHWZHHQ &17SRO\PHU $ZDVWKL HW DO  WUDFWLRQGLVSODFHPHQW
EHKDYLRURIJUDSKHQHSRO\HWK\OHQHLQWHUIDFHVIRUERWKRSHQLQJDQGVOLGLQJVHSDUDWLRQPRGHDQG
WKHLQIOXHQFHRIFRQVWUDLQWFRQGLWLRQVZHUHGLVFXVVHG7KHLQIOXHQFHRIWKHFXUYDWXUHRIWKH&17
ZDOOZDVLJQRUHG.XOPLDQG%DVX.XOPLDQG%DVXDVZHOODV$GQDQDQG6XQ$GQDQ
DQG 6XQ  LQYHVWLJDWHG WKH FRPSHWLWLRQ EHWZHHQ DGKHVLYH IDLOXUH DORQJ WKH LQWHUIDFH DQG
FRKHVLYHIDLOXUHZLWKLQWKHSRO\PHU%RWKPROHFXODUPHFKDQLFV00DQG0'VLPXODWLRQVZHUH
FRQGXFWHGWRH[SORUHWKHLQWHUIDFLDOELQGLQJFKDUDFWHULVWLFVEHWZHHQ6:17VDQGSRO\PHU=KHQJ
HWDO*RXHWDO+RZHYHUFXUUHQWPRGHOVGHYHORSHGIRU&17SRO\PHULQWHUIDFHV
LQWKHEXONFDQQRWEHGLUHFWO\DSSOLHGWRDQDQRVFDOHLQWHUIDFHVSHFLDOO\WRLQWHUIDFHVEHWZHHQ
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VLPLODUPDWHULDOVERQGHGWKURXJKZHDNLQWHUDFWLRQVLHYDQGHU:DDOVIRUFHVDQGFDQWKHUHIRUH
QRW EH XVHG WR VWXG\ WKH SHUIRUPDQFH RI QDQRVWUXFWXUHG MXQFWLRQV EHWZHHQ 6:17V ;X DQG
%XHKOHU ;X DQG %XHKOHU  KDYH VWXGLHG WKH WZR 6:17V LQWHUDFWLRQ ZLWK DQG ZLWKRXW
SRO\PHUZKLFKVKRZVWKHZUDSSHGSRO\PHUFKDLQFDQHQKDQFHWKHELQGLQJUDQJHFRPSDUHGWR
WKHEDUH MXQFWLRQ SXUH6:17V IRU WZRSDUDOOHO6:17V7KHPDLQ DLPRI WKLV UHVHDUFK LV WR
VWXG\ WKHGLVSHUVLRQ HIIHFWV RQ WKH ORDG WUDQVIHURI WZRSULVWLQH6:17VZLWKRXW DQGZLWK ORZ
GHQVLW\SRO\PHUZUDSSLQJLQWKHDEVHQFHRIKHDWWUDQVIHU7KHSDSHULVVWUXFWXUHDVIROORZVILUVW
ZH ZLOO LQWURGXFH WKH GHWDLOV RI WKH 0' VLPXODWLRQ ZKLFK LQFOXGHV WKH IRUFH ILHOG DQG
DUUDQJHPHQWVRIWKHSRO\PHUDQG6:17V7KHQZHZLOOH[SODLQWKHHTXLOLEULXPDQGVHSDUDWLRQ
SURFHVV RI WKH SRO\PHU ZUDSSHG WZR VLQJOH 6:17V $IWHU WKDW ZH JLYH SDUDPHWULF VWXG\ IRU
GLIIHUHQWUHODWLYHGLVSHUVLRQDQJHOVSRO\PHUFKDLQOHQJWKVDQGWHPSHUDWXUH7KHSDSHUHQGVZLWK
WKHGLVFXVVLRQRIUHVXOWVDVZHOODVLPSOLFDWLRQVRIWKHIXWXUHZRUN
'HWDLOVRIWKHVLPXODWLRQ
0ROHFXODUPRGHO
,QWKLVUHVHDUFK0'VLPXODWLRQVZHUHFRQGXFWHGWRH[WUDFWWKHLQWHUIDFHEHKDYLRUEHWZHHQWZR
6:17 ZLWK DQG ZLWKRXW SRO\PHU ZUDSSLQJ $OO 0' VLPXODWLRQV ZHUH SHUIRUPHG ZLWK
/$0036 3OLPSWRQ  7KH SRO\PHU PDWUL[ FRQVLVWV RI 3( LV XVHG LQ D YDULHW\ RI
HQJLQHHULQJDSSOLFDWLRQV-LDQJHWDO7RUHGXFHWKHFRPSXWDWLRQDOFRVWWKHXQLWHGDWRP
8$DSSUR[LPDWLRQLVXWLOL]HG=KDRHWDO LQZKLFKWKHPHWK\OJURXSVDUHUHSUHVHQWHG
E\ D VLQJOH DWRP RU XQLW LH WKH &+PRQRPHU 7KH HIIHFW RI WKH K\GURJHQ DWRPV RQ WKH
SRO\PHUFRQILJXUDWLRQLVDFFRXQWHGIRULQWKHSUHVHQWSRWHQWLDOVZKLOHWKHPDVVLVLQFOXGHGLQWKH
PDVVRIWKHXQLWHGDWRP,QWKLVUHVHDUFKDWRWDOQXPEHURI8$PRQRPHUVLVNHSWFRQVWDQW
IRU WKUHH GLIIHUHQW FKDLQ OHQJWKV ZLWK   DQG  PRQRPHUV UHVSHFWLYHO\ 7ZR 6:17V
DUPFKDLUZLWKDGLDPHWHURIcDQGOHQJWKVRIcDUHVHOHFWHGIRUVLPXODWLRQVRI
6:173(FRPSRVLWHV7KHXQVDWXUDWHGERXQGDU\HIIHFWZDVDYRLGHGE\DGGLQJK\GURJHQDWRPV
DWWKHHQGRIWKH6:17V
)RUFHILHOG
3RO\PHU
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7KHIXQFWLRQDOIRUPDQGWKHSDUDPHWHUVRIWKHIRUFHILHOGDUHSURYLGHGLQ7DEOH&DSDOGLHW
DO1RWHWKDWWKHQRQERQGHGLQWHUDFWLRQVDUHWUXQFDWHGDWDGLVWDQFHRIc&DSDOGLHWDO

7DEOH)XQFWLRQIRUPRIIRUFHILHOGDQGSRWHQWLDOSDUDPHWHUVXVHGIRU3(0'FDOFXODWLRQ&DSDOGLHWDO
7\SHRI
SRWHQWLDO
)RUP 3DUDPHWHUV
%RQG   E E( N U U   NE N-PROcU c
$QJOH      FRV FRV( NT T T  
Nș N-PROș 

'LKHGUDO  

 FRV

Q
Q
Q
( $ I
 
 ¦  $ $ $ $ NFDOPRO

1RQERQGHG
 
(
U U
V VH ª º§ · § · « »¨ ¸ ¨ ¸© ¹ © ¹« »¬ ¼
 İ NFDOPROı cUF cWUXQFDWLRQ
UDGLXV

6:17
7KHLQWHUDWRPLF&DUERQDQGK\GURJHQLQWHUDFWLRQVLQFDUERQQDQRWXEHVDUHGHVFULEHGZLWKWKH
DGDSWLYHLQWHUPROHFXODUUHDFWLYHHPSLULFDOERQGRUGHU$,5(%23OLPSWRQ%UHQQHUHWDO
 SRWHQWLDO IXQFWLRQ 7KLV SRWHQWLDO DOORZV IRU FRYDOHQW ERQG EUHDNLQJ DQG FUHDWLRQ ZLWK
DVVRFLDWHGFKDQJHVLQDWRPLFK\EULGL]DWLRQZLWKLQDFODVVLFDOSRWHQWLDO
,QWHUIDFLDOELQGLQJHQHUJ\EHWZHHQSRO\PHUDQG6:17V
7KH /HQQDUG-RQHV 3RWHQWLDO 9U  İıUíıİ LV DGRSWHG IRU FKDUDFWHUL]LQJ WKH
LQWHUDWRPLF LQWHUDFWLRQ EHWZHHQ WKH SRO\PHU PRQRPHUV DQG WKH 6:17 ZKLFK LQFOXGH ERWK
FDUERQDQGK\GURJHQ7KHPL[LQJUXOHIRUPSDUDPHWHUVLVSHUIRUPHGIRUSRO\PHUPRQRPHUVDQG
K\GURJHQ&+8$+DVGHVFULEHGLQ7DEOH



160 
 
7DEOH)XQFWLRQIRUPRIWKHIRUFHILHOGDQGWKHSRWHQWLDOSDUDPHWHUVXVHGIRUWKHLQWHUDFWLRQEHWZHHQ3(DQG
6:17V
7\SHRISRWHQWLDO İN-PRO σc
&+8$&

NE N-PROcU c>@
&+8$&+8$
 Nș N-PROș >@

++
 $ $ 
$ $ NFDOPRO>@

&+8$+  İ&+İ+
  σ&+σ+>@

(TXLOLEULXPSURFHVV
$IWHU WKH SRO\HWK\OHQH FKDLQV DUH LQWURGXFHG FORVH WR WKH LQWHUIDFH WKH HTXLOLEULXP 0'
VLPXODWLRQVDUHLQLWLDOO\SHUIRUPHGDW.ZLWKWKH197HQVHPEOHRIîVWHSVǻW IV
7KHQH[WUHOD[DWLRQFRROVWKHVWUXFWXUHGRZQWRWKHGHVLUHGWHPSHUDWXUHDWDFRROLQJUDWHRI
.SV VWHSV &DSDOGL HW DO  IROORZHG E\ IXUWKHU UHOD[DWLRQ RI î DW WKH GHVLUHG
WHPSHUDWXUH7KHIROORZLQJSXOOLQJVHSDUDWLRQLVDOVRSHUIRUPHGXQGHUWKH197HQVHPEOH7ZR
W\SLFDOFRQILJXUDWLRQVDWHTXLOLEULXPZLWKWKHGLVSHUVLRQDQJOHRIDQGGHJUHHVDUHVKRZQLQ
)LJIRUWKHFKDLQOHQJWKRIPRQRPHUV7KHSRO\PHUFKDLQVSUHIHUWRZUDSDURXQGWKH6:17
VXUIDFHZKLOHWKH\GRQ
WHQWHUWKHLQWHUDFWLRQ]RQHIRUERWKGLVSHUVLRQDQJOHV
 
)LJ(TXLOLEUDWHGGRXEOH6:17VZLWKSRO\PHUDW.
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1RWHWKDWYDULRXVLQLWLDOFRQILJXUDWLRQVRIWKHSRO\PHUFKDLQVVXFKDVYHUWLFDOSHUSHQGLFXODU
DQGUDQGRPRULHQWDWLRQVDUHXVHGLQWKHVLPXODWLRQ7KHUHVXOWVVKRZWKDWWKHILQDOFRQILJXUDWLRQ
RIWKHSRO\PHUFKDLQVDWWKHFDUERQQDQRWXEHMXQFWLRQGRHVQRWGHSHQGRQWKHLQLWLDOSDWWHUQ
6HSDUDWLRQSURFHVV
7KH VHSDUDWLRQ SURFHVV LV SHUIRUPHG EHWZHHQ 6:17V ZLWK RU ZLWKRXW SRO\PHU ZUDSSLQJ
WKURXJK VWHHUHG PROHFXODU G\QDPLFV 60' :HL HW DO  -RUJHQVHQ HW DO 
%DQG\RSDGK\D\D HW DO  IRUPHFKDQLFDOO\ VHSDUDWLQJ WKH LQWHUIDFHZKLFK SHUPLWV RQH WR
HIILFLHQWO\H[WUDFWHTXLOLEULXPSURSHUWLHVPHDQIRUFHDQGWKHSRWHQWLDOVRIWKHPHDQIRUFHEXLOWLQ
/$0036 IURP QRQHTXLOLEULXP SURFHVVHV VXFK DV 60' VLPXODWLRQV 2QH 6:17 LV SXOOHG
DORQJWKHGLUHFWLRQSHUSHQGLFXODUWRWKHLQWHUIDFHE\WKHYLUWXDOVSULQJZLWKWKHFRQVWDQWYHORFLWLHV
RI QPSV DQG QPSV ;X DQG%XHKOHU  3DUN DQG 6FKXOWHQ ZKLOH WKH
FHQWHURIPDVVRIWKHRWKHU6:17LVFRQVWUDLQHGE\DVSULQJWRLWVRULJLQDOSRVLWLRQDVSUHVHQWHG
LQ)LJ

)LJ3XOOLQJYHORFLW\RSWLPL]DWLRQIRUSXOOLQJGRXEOH6:17VDW.
7KH UHVXOWV VKRZ WKDW WKH SXOOLQJ YHORFLW\ RI QPSV LV DEOH WR FDSWXUH DOO WKH
FKDUDFWHULVWLFV RI WKH IRUFH HYROXWLRQ IRU WKH SXOOLQJ SURFHVV )LJ  VR WKLV YHORFLW\
QPSV LV DGRSWHG LQ WKH IROORZLQJ0' VLPXODWLRQV 7KH HODVWLF FRQVWDQW IRU WKH VSULQJ
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EHWZHHQ WKH FRQVWDQW WHWKHU SRLQW DQG WKHPDVV FHQWHU RI WKH6:17 LV N  N1P ;X DQG
%XHKOHU7KHIRUFHDSSOLHGWRWKHPDVVFHQWHURIWKH6:17E\WKHYLUWXDOVSULQJLV
       VSULQJ VSULQJ SXOO) W N [ W [ W  
ZKHUHȤVSULQJ DQGȤSXOO UHSUHVHQW WKH VSULQJ DQGSXOOHGJURXSSRVLWLRQV UHVSHFWLYHO\'XULQJ WKH
SXOOLQJSURFHVVWKHLQWHJUDORSHUDWLRQRYHUWKHSXOOLQJIRUFHLQGLUHFWLRQRIWKHVSULQJLVUHFRUGHG
DQGWKHQXVHGWRFRPSXWHWKH30)E\DYHUDJLQJRYHUPXOWLSOHLQGHSHQGHQWWUDMHFWRULHVDORQJWKH
VDPHSXOOLQJSDWK>@

)LJ6HSDUDWLRQHYROXWLRQIRUGRXEOH6:17VDW.
7KHVHSDUDWLRQIRUFHHYROXWLRQVRIWKHEDUHMXQFWLRQSXUHELQGLQJRIWZR6:17VDQG3(
PROHFXOHVRIFKDLQOHQJWKZLWKPRQRPHUVDUHLOOXVWUDWHGLQ)LJIRU]HURGLVSHUVLRQDQJOH
,Q DGGLWLRQ WKH FXUUHQW FRQILJXUDWLRQ GXULQJ WKH MXQFWLRQ VHSDUDWLRQ SURFHVV RI WKH ZUDSSHG
SRO\PHULVDOVRJLYHQLQ)LJ0XOWLSHDNVDQGYDOOH\VDSSHDULQ WKHIRUFHVHSDUDWLRQFXUYH
IRUWKHZUDSSHGSRO\PHUFKDLQV)RUWZRSXUH6:17VWKHIRUFHVHSDUDWLRQFXUYHH[KLELWVRQO\
RQHPD[LPXPSHDN+RZHYHUWKHZUDSSHGMXQFWLRQSUHVHQWVDPXFKORQJHUELQGLQJUDQJHWKDQ
163 
 
WKHEDUHMXQFWLRQZKLOHWKHIRUFHHQKDQFLQJSRLQWORFDWHVDWQPWKHLQWHUDFWLRQSRLQWDIWHU
WKHILUVWYDOOH\%HORZWKLVYDOXHHQKDQFHGELQGLQJHIIHFWLVQRWREVHUYHGZKLFKPHDQVWKDWWKH
VXEVWDQWLDO YDQ GHU :DDOV DWWUDFWLRQ DPRQJ WXEHV GRPLQDWH WKH VHSDUDWLRQ ZLWKLQ D FHUWDLQ
GLVWDQFH $FWXDOO\ WKH LQLWLDO FRQILJXUDWLRQ VKRZV D VWURQJHU YDQ GHU :DDOV DWWUDFWLRQ IRUFH
EHWZHHQ6:17VFRPSDUHGWRWKHYDOXHDPRQJSRO\PHUDQG6:17VDVSRO\PHUFDQQRWHQWHU
WKHLQWHUDFWLRQ]RQHZLWKRXWXVLQJPHFKDQRFKHPLFDOGULYLQJIRUFHVDWWKHSULPDU\VWDJHSXOOLQJ
7KHVWURQJHUDWWUDFWLRQIRUFHEHWZHHQ6:17VFRQWLQXHVXQWLOWKHSRO\PHUHQWHUVWKHLQWHUDFWLRQ
]RQHSRVLWLRQRIYDOOH\ZLWK WKH LQFUHDVHGVHSDUDWLRQGLVWDQFH:LWK WKHIXUWKHU LQFUHDVHG
VHSDUDWLRQRQHFORVHFLUFOHIRUPVIRUWKHSRVLWLRQRISHDNDQGGRXEOHFORVHFLUFOHVDSSHDUDW
YDOOH\)RUWKHFRQWLQXLQJVHSDUDWLRQWKHWZRIRUPHGFORVHFLUFOHVVWDUWWRGHWDFKZKLFKZLOO
OHDG WR WKH ILQDO GHWDFKPHQW RI WKH SRO\PHUZUDSSHG 6:17V:H DOVR REVHUYH VHOIUHSDLULQJ
IURPWKUHHVQDSVKRWVLQWKHSRVLWLRQRIWKHLQLWLDOYDOOH\DQGYDOOH\FRQILJXUDWLRQVRQHFORVH
FLUFOHVSOLWV LQWR WZRFORVHFLUFOHV WRREWDLQ WKHVWDEOHVWDWH0RUHRYHU WKHFRQILJXUDWLRQRI WKH
IRUPHGWZRFLUFOHVLVWKHODVWFKDQFHIRUVHOIUHSDLULQJ(YHQWKHLQWHUDFWLRQVWUHQJWKLVUHODWLYHO\
ORZ7KHSRO\PHUFKDLQZLOOVWDUWWRFRPSOHWHO\VHSDUDWHRQFHWKHGLVWDQFHSDVVHVWKHSRVLWLRQRI
SHDN
3DUDPHWULFVWXG\
&17GLVSHUVLRQHIIHFW
7DEOH'LVSHUVLRQDQJOHLQIOXHQFHRQWKHLQWHUDFWLRQRIQHLJKERXULQJ6:17V
&DVHV 7HPSHUDWXUH.
&KDLQOHQJWK
PRQRPHUV 'LVSHUVLRQDQJOHGHJUHH
  EDUHMXQFWLRQ VHSDUDWHGE\
   VHSDUDWHGE\

'XULQJ WKHIDEULFDWLQJSURFHVVZLWKRXWXVLQJPHFKDQRFKHPLFDOGULYLQJ IRUFHV WKH&17VLQ
WKHSRO\PHUPDWUL[ WHQGV WR ORFDWHDW WKHSRVLWLRQZKHUH WKHHQHUJ\ LVPLQLPL]HG8VXDOO\ WKH
&17VORFDWHDWWKHEDODQFHSRVLWLRQZLWKWKHUHODWLYHGLVWDQFHZUDSSHGZLWKSRO\PHUFKDLQ
7R XQGHUVWDQG WKH GLVSHUVLRQ DQJOH HIIHFW RQ WKH 6:17 LQWHUDFWLRQ LQ QDQRFRPSRVLWH
VLPXODWLRQV ZHUH SHUIRUPHG IRU D FKDLQ OHQJWK RI  PRQRPHUV DW URRP WHPSHUDWXUH .
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WKURXJKJURXSVRULHQWDWLRQDQJOHYDU\LQJIURPWRGHJUHHVDVSUHVHQWHGLQ7DEOH)RU
WKHEDUHMXQFWLRQRIWZR6:17VWKHSXOOLQJIRUFHVDQGHQHUJLHVDUHDUHVKRZQLQ)LJVDDQG
E UHVSHFWLYHO\ 7KH UHODWLYH GLVSHUVLRQ DQJOH JUHDWO\ DIIHFWV WKH ORDG WUDQVIHU RI WKH EDUH
MXQFWLRQ RI  6:17V DV VKRZQ LQ )LJV D E$QJOHV EHORZ  GHJUHHV SURYLGH ODUJHU
IRUFHV DQGHQHUJLHV7KHUH LVDOPRVWQRGLIIHUHQFH LQ WKHVHYDOXHV IRUGLVSHUVLRQDQJOHVELJJHU
WKDQ  GHJUHH 7KLV REVHUYDWLRQ KROGV IRU WKH EDUH MXQFWLRQ DV ZHOO DV IRU WKH 3( ZUDSSHG
6:17V:LWKWKHSRO\PHUFKDLQWKHLQWHUDFWLRQELQGLQJLVHQKDQFHGIRUDOOWKHGLVSHUVLRQDQJOHV
DVSUHVHQWHGIRUWKHSXOOHQHUJ\HYROXWLRQLQ)LJG7KHPD[LPXPYDOXHGHFUHDVHIRUDQJOHV
DQGGHJUHHV)LJFFRPSDUHGWRWKHEDUHLQWHUDFWLRQLQ)LJDDVWKHSRO\PHUFDQ
HQWHUWKHLQFUHDVHGGLVWDQFHEHWZHHQWZR6:17VGXULQJWKHSXOOLQJRSHUDWLRQZKLFKFRQWULEXWHV
PRUH UHSXOVLYH IRUFH UDWKHU WKDQ DWWUDFWLRQ IRUFH'XH WR WKH QHJDWLYH IRUFH DW YDOOH\  DQG
YDOOH\ )LJF WKHFRUUHVSRQGLQJYDOOH\VDUH IRXQG LQ WKHSXOOHQHUJ\HYROXWLRQ LQ)LJ
G2QWKHFRQWUDU\IRUWKHLQFUHDVHGGLVSHUVLRQDQJOHVIURPWRGHJUHHVPRUHSRO\PHU
FDQ ZUDS DURXQG WKH LQWHUDFWLRQ VXUIDFH DW WKH LQLWLDO FRQILJXUDWLRQ ZKLFK FRQWULEXWH PRUH
DWWUDFWLYHIRUFH&RQVHTXHQWO\WKHPD[LPXPIRUFHVDUHLQFUHDVHGFRPSDUHGWRWKHEDUH6:17
SDLU






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
3XOOIRUFHIRUEDUHMXQFWLRQ3XOOIRUFHIRUEDUHMXQFWLRQ

3XOOIRUFHZLWKSRO\PHU3XOOHQHUJ\ZLWKSRO\PHU
)LJ7UDFWLRQSURFHVVIRUGLIIHUHQWGLVSHUVLRQDQJOHVDW.
7KH ODWHU HQKDQFHG IRUFH YLEUDWLRQV DUH DERYH ]HURZKLFK OHDGV WR D VPRRWKHU SXOO HQHUJ\
HYROXWLRQZKHQWKHGLVSHUVLRQDQJOHVDUHODUJHUWKDQGHJUHHV
&KDLQOHQJWKGHSHQGHQFH
$V GHVFULEHG LQ WKH OLWHUDWXUH =KDR HW DO  +RVVDLQ HW DO  WKH FKDLQ OHQJWK RI
DPRUSKRXVSRO\HWK\OHQHJUHDWO\DIIHFWVWKHPHFKDQLFDOEHKDYLRUGXULQJWKHSXOOSURFHVV)RUWKH
6:17EDVHGQDQRFRPSRVLWHGLIIHUHQW3(FKDLQVZLWKDQG8$PRQRPHUVDUHVWXGLHG
VHH7DEOH$WDUHODWLYHO\ORZSRO\PHUFKDLQGHQVLW\WKHSRO\HWK\OHQH8$PRQRPHUVWHQG
WRDOLJQDWWKHJURRYHEHWZHHQ6:17V
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7DEOH&KDLQOHQJWKLQIOXHQFHRQWKHLQWHUDFWLRQRISRO\PHUZUDSSHG6:17V
&DVHV 7HPSHUDWXUH.
&KDLQOHQJWK
PRQRPHUV 'LVSHUVLRQDQJOHGHJUHH
   
   


'LVSHUVLRQDQJOHGHJUHH'LVSHUVLRQDQJOHGHJUHH
 
3XOORXWHQHUJ\(QHUJ\GLVWULEXWLRQIRUFKDLQOHQJWKZLWKPRQRPHUV
)LJ7UDFWLRQSURFHVVZLWKGLIIHUHQWFKDLQOHQJWKVDWWHPSHUDWXUH.
7ZR W\SLFDO GLVSHUVLRQ DQJOHVRI DQGGHJUHHV IRUGLIIHUHQW FKDLQ OHQJWK DUHSUHVHQWHG DV
VKRZQLQ)LJ)RUWKHFDVHVRI]HURGLVSHUVLRQDQJOHVLWLVIRXQGWKDWWKHUHLVQRGLIIHUHQFH
IRU WKH WKUHHFKDLQ OHQJWKVZLWKLQ WKHVKRUW VHSDUDWLRQGLVWDQFHZKLFKPHDQV WKDW WKHQRERQG
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YDQ GHU:DDOV IRUFH GRPLQDWHV WKH DWWUDFWLRQ RI WKH WZR 6:17VZLWKLQ WKH VDPH QXPEHU RI
SRO\PHUPRQRPHUVLQWKHVL[6:17SRO\PHUV\VWHPV)RUWKHIXUWKHUVHSDUDWLRQWKHVXSHULRULW\
RIWKHORQJFKDLQDSSHDUVDQGWKHELQGLQJIRUFHLQFUHDVHVZLWKLQFUHDVLQJFKDLQOHQJWK7KHVDPH
SKHQRPHQRQ LV REVHUYHG WKH  GHJUHH DQJOH +HQFH WKH FKDLQ OHQJWK DIIHFWV WKH SXOO RXW
PHFKDQLFDOEHKDYLRUVOLJKWO\ZLWKLQDFHUWDLQVKRUWGLVWDQFHFRUUHVSRQGLQJWRWKHUHODWLYHSRVLWLRQ
RIWZR6:17VZKLOHWKHORQJFKDLQSRO\PHUVHQKDQFHWKHLQWHUDFWLRQELQGLQJRQFHWKHGLVWDQFH
RI WZR6:17V H[FHHGV WKH FULWLFDO YDOXH7KH SXOORXW HQHUJ\ IRU WKH ]HURGLVSHUVLRQ DQJOH LV
ODUJHUFRPSDUHGWRWKHSXOORXWHQHUJ\RIGHJUHHVEHFDXVHRIWKHODUJHULQWHUDFWLRQDUHDZKLOH
PRUHRVFLOODWLRQLVREVHUYHGLQWKHFDVHVRI]HURDQJOH7KHSXOOLQJHQHUJ\GLVWULEXWLRQIRUDOOWKH
GLVSHUVLRQDQJOHVIRUDFKDLQOHQJWKRIPRQRPHUVLVJLYHQLQ)LJG7KHSXOOHQHUJ\IRUWKH
RWKHUGLVSHUVLRQDQJOHLVEHWZHHQWKHFDVHVRIDQGGHJUHHV7KHFKDLQOHQJWKGRHVQ
WFKDQJH
WKHWUHQGVRIWKHSXOOHQHUJ\HYROXWLRQFRPSDUHGWRWKHFKDLQOHQJWKRIPRQRPHUVDVVKRZQ
LQ)LJG6LPLODUHQHUJ\GLVWULEXWLRQVDUHIRXQGIRUDFKDLQOHQJWKRIPRQRPHUV
7HPSHUDWXUHLQIOXHQFH
7KH WHPSHUDWXUH LV RQH RI WKHPDLQ IDFWRUVZKLFKGHWHUPLQH ERWKPHFKDQLFDO DQG FKHPLFDO
SURSHUWLHVRIWKH&17SRO\PHUFRPSRVLWHHVSHFLDOO\IRUWKHDGKHVLRQDQGUHLQIRUFHPHQW:HL
 ,Q WKLV VHFWLRQ WKH LQIOXHQFHRI WKH WHPSHUDWXUHRQ WKH LQWHUIDFH VWUHQJWK LV VWXGLHG IRU
GLIIHUHQWWHPSHUDWXUHZLWKYDULRXVFKDLQOHQJWKVDQGGLVSHUVLRQDQJOHVVHH7DEOH
7DEOH7HPSHUDWXUHLQIOXHQFHRQWKHLQWHUDFWLRQRISRO\PHUZUDSSHG6:17V
&DVHV 7HPSHUDWXUH.
&KDLQOHQJWK
PRQRPHUV 'LVSHUVLRQDQJOHGHJUHH
   
   
3  60 0 
4   90 
5   90 
6  60 90 

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
)RUFHPRQRPHUV)RUFHPRQRPHUV)RUFHPRQRPHUV

(QHUJ\PRQRPHUV(QHUJ\PRQRPHUV(QHUJ\PRQRPHUV
)LJ7UDFWLRQSURFHVVZLWKGLIIHUHQWWHPSHUDWXUHDWWKHGLVSHUVLRQDQJOHRIGHJUHH
$VVKRZQLQ)LJIRUDGLVSHUVLRQDQJOHRIGHJUHHWKHWHPSHUDWXUHKDVDPLQRUHIIHFWRQ
WKHPD[LPXPSXOO IRUFH7KLV REVHUYDWLRQ KROGV LQGHSHQGHQW RI WKH FKDLQ OHQJWK7KH KLJKHVW
YDOXHRI WKHPLQLPXPSXOOIRUFHWKHILUVWYDOOH\SRLQWLVREWDLQHGIRUDWHPSHUDWXUHRI.
GXH WR WKH LQDFWLYH PRYHPHQW RI WKH SRO\PHU PRQRPHUV DV OHVV PRQRPHUV FDQ HQWHU WKH
LQWHUDFWLRQ ]RQH GXULQJ WKH SXOOLQJ SURFHVV 7KH SXOO VWUHQJWK LV OHVV VHQVLWLYHZLWK UHVSHFW WR
WHPSHUDWXUHDQGFKDLQOHQJWKZKLFKDUHPDLQO\GHWHUPLQHGE\WKHLQWHUDFWLRQEHWZHHQWZREDUH
6:17V7KHSRO\PHUFKDLQVHQKDQFH WKHELQGLQJ MXQFWLRQ IRU WKH IXUWKHU VHSDUDWLRQZKHQ WKH
GLVWDQFH LV ODUJHU WKDQ WKHSRVLWLRQRI WKHPLQLPXPSXOOLQJ IRUFH7KHSXOOHQHUJ\GLVWULEXWLRQ
FOHDUO\VKRZVWKDWWKHILQDOVHSDUDWLRQLVKDUGWREHDFWLYDWHGDWORZWHPSHUDWXUHDQGWKHSURFHVV
LVPRUHGLIILFXOWIRUWKHLQFUHDVHGFKDLQOHQJWKDVVKRZQLQ)LJVHI1RWHWKDWWKHHQHUJ\
FXUYHV DOPRVW RYHUODS WKH ILUVW KDOI RI FXUYH DW FKDLQ OHQJWK RI  PRQRPHUV IRU WKH ORZ
WHPSHUDWXUH. DQG.WKLVLVPD\EHGXHWRWKHVLPLODULQLWLDOFRQILJXUDWLRQVIRUWKHWZR
FDVHV
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
)LJ7UDFWLRQSURFHVVZLWKGLIIHUHQWWHPSHUDWXUHDWWKHGLVSHUVLRQDQJOHRIGHJUHHV
)LJ VKRZV WKH ILQDO SXOORXWHQHUJ\ IRUGLIIHUHQW WHPSHUDWXUHDW WKHRULHQWDWLRQDQJOHRI
GHJUHHV$V WKH LQWHUDFWLRQ DUHD LV VPDOO DQG WKH LQWHUDFWLRQ ]RQH LV LPPHUVHG LQ WKH SRO\PHU
PDWUL[WKHVHSDUDWLRQSURFHVVUHTXLUHVOHVVHQHUJ\IRUWKHLQFUHDVHGWHPSHUDWXUHZLWKUHVSHFWWR
WKUHHFKDLQV%HVLGHVWKHVORSHRIWKHGHFUHDVHGSXOORXWHQHUJ\LVODUJHUIRUWKHODWHUSDUWUDQJH
IURP.WR.FRPSDUHGWRWKHIRUPHUSDUWUDQJHIURP.WR.HVSHFLDOO\IRU
WKHORQJFKDLQSRO\PHU%\DGMXVWLQJWKHGLVSHUVLRQRIWKH6:17VZHFDQREWDLQWKHFRQWUROOHG
PHFKDQLFDOEHKDYLRUZLWKYDULRXVFKDLQOHQJWKDQGWHPSHUDWXUH
&RQFOXVLRQ
,Q WKLVSDSHU WKHGLVSHUVLRQRISRO\PHUZUDSSHG WZR VLQJOHZDOOHGQDQRWXEHV 6:17VRQ
WKHLUORDGWUDQVIHUZDVV\VWHPDWLFDOO\LQYHVWLJDWHGE\PROHFXODUG\QDPLFV0'VLPXODWLRQV7KH
VHSDUDWLRQSURFHVVZDVDQDO\]HGE\WKHSXOOLQJHYROXWLRQZLWKFRUUHVSRQGLQJFRQILJXUDWLRQ,WLV
IRXQGWKDWWKHSRO\PHUZUDSSHGMXQFWLRQDOZD\VSUHVHQWVDPXFKORQJHUELQGLQJUDQJHWKDQWKH
EDUHMXQFWLRQRI6:17V%HVLGHVWKHPXOWLSHDNVDQGYDOOH\VDUHIRXQGLQWKHIRUFHVHSDUDWLRQ
FXUYHIRUWKHSRO\PHUZUDSSHG6:17V7KHYDOOH\PHDQVWKDWWKHUHSXOVLYHIRUFHGRPLQDWHVWKH
LQWHUDFWLRQRIWKHWZR6:17ZKLOHWKHSHDNLPSOLHVWKDWWKHDWWUDFWLYHIRUFHLVGRPLQDQWIRUWKH
WZR 6:17V LQWHUDFWLQJ ZKLFK SUHVHQWV WKH DELOLWLHV RI WKH ZUDSSHG VWUXFWXUH WR SUHYHQW WKH
VHSDUDWLRQ RI WZR 6:17V DQG WKH ODVW SHDN LV WKH ILQDO FKDQFH IRU WKH UHLQIRUFLQJ HIIHFW
FRPSDUHGWRWKHEDUHMXQFWLRQRIWKH6:17V,WLVDOVRREVHUYHGWKDWWKHVHOIUHSDLULQJIXQFWLRQ
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FDQEHREWDLQHGE\VSOLWWLQJRQHFORVHFLUFOH WR WZRFORVHFLUFOHV LQRUGHU WRDUULYHDW WKHRWKHU
VWDEOHFRQILJXUDWLRQZKLFKDFWXDOO\OHDGVWRWKHSKHQRPHQDRIWKHPXOWLSHDNVDQGYDOOH\V7KH
VHOIUHSDLULQJ IXQFWLRQ LV XVHIXO IRU GHVLJQLQJ SKRQRQLF GHYLFHV DQG V\QWKHVL]LQJ IXQFWLRQDO
PDWHULDOZLWKVLPSOHSRO\PHUDQGSULVWLQH6:17
7KHUHODWLYHGLVSHUVLRQDQJOHJUHDWO\DIIHFWVWKHORDGWUDQVIHU7KHGLVSHUVLRQDQJOHVRIDQG
GHJUHHVJLYH WKH ODJHUSXOOLQJ IRUFHVDQGHQHUJLHVZKLOH WKHUHDUHDOPRVWQRGLIIHUHQFH IRU
WKHVHYDOXHVZKHQWKHGLVSHUVLRQDQJOHH[FHHGVGHJUHHV7KH\DUHPDLQO\GHWHUPLQHGE\WKH
LQWHUDFWLRQIDUHD ZLWKRXW RU ZLWK SRO\PHU FKDLQV )XUWKHUPRUH D VPRRWK SXOOLQJ HQHUJ\
HYROXWLRQ LV IRXQG ZKHQ WKH GLVSHUVLRQ DQJOHV DUH ODUJHU WKDQ  GHJUHHV 7KH FKDLQ OHQJWK
DIIHFWV WKH SXOORXW PHFKDQLFDO EHKDYLRU VOLJKWO\ ZLWKLQ D FHUWDLQ VKRUW VHSDUDWLRQ GLVWDQFH
FRUUHVSRQGLQJWRWKHUHODWLYHSRVLWLRQRI WZR6:17VZKLOHWKHORQJFKDLQSRO\PHUVHQKDQFHV
WKHLQWHUDFWLRQELQGLQJRQFHWKHGLVWDQFHRIWZR6:17VH[FHHGVWKHFULWLFDOYDOXH,QDGGLWLRQ
WKHFKDLQOHQJWKGRHVQ
WFKDQJHWKHWUHQGVRI WKHSXOOHQHUJ\HYROXWLRQYDU\LQJZLWKGLVSHUVLRQ
DQJOHVRIWZR6:17V
7KH WHPSHUDWXUH KDV D PLQRU LQIOXHQFH RQ WKH PD[LPXP SXOO IRUFH ZKLOH WKH LQFUHDVHG
WHPSHUDWXUHJUHDWO\GHFUHDVHVWKHSXOORXWHQHUJ\DVWKHSRO\PHUGHIRUPDWLRQLVHDVLO\DFWLYDWHG
DW KLJK WHPSHUDWXUH HVSHFLDOO\ IRU WKH ORQJFKDLQSRO\PHU7KH IXWXUHZRUNZLOO IRFXVRQ WKH
KHDW WUDQVIHU SHUIRUPDQFH RI WKH SRO\PHU ZUDSSHG 6:17V ZLWK YDULRXV 6:17 GLVSHUVLRQ
DQJOHVDQGFKDLQOHQJWKVRISRO\PHUXQGHUGLIIHUHQWWHPSHUDWXUH
5HIHUHQFHV
$GQDQ$DQG6XQ&7(IIHFWRIDGKHVLYHWKLFNQHVVRQMRLQWVWUHQJWK$PROHFXODUG\QDPLFVSHUVSHFWLYH-$GKHVLRQ

$ZDVWKL 3$/DJRXGDV'& DQG+DPPHUDQG'&0RGHOLQJ RI JUDSKHQHSRO\PHU LQWHUIDFLDOPHFKDQLFDO EHKDYLRU
XVLQJPROHFXODUG\QDPLFV0RGHOLQJ6LPXO0DWHU6FL(QJ
%DXJKPDQ5+&XL&;=DNKLGRY$$HWDO&DUERQ1DQRWXEH$FWXDWRUV6FLHQFH
%UHXHU26XQGDUDUDM8%LJUHWXUQV IURPVPDOO ILEHUV$ UHYLHZRISRO\PHUFDUERQQDQRWXEHFRPSRVLWHV3RO\P
&RPSRVLWH
%DQG\RSDGK\D\D $ 9DODYDODE 3. &ODQF\F 7& :LVHG .( 2GHJDUG *0 0ROHFXODU PRGHOLQJ RI FURVVOLQNHG
HSR[\SRO\PHUV7KHHIIHFWRIFURVVOLQNGHQVLW\RQWKHUPRPHFKDQLFDOSURSHUWLHV3RO\PHU

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%UHQQHU':6KHQGHURYD2$+DUULVRQ-$6WXDUW6-%RULV1L%DQG6LQQRWW6%$ VHFRQGJHQHUDWLRQ UHDFWLYH
HPSLULFDO ERQG RUGHU 5(%2 SRWHQWLDO HQHUJ\ H[SUHVVLRQ IRU K\GURFDUERQV - 3K\V &RQGHQV 0DWWHU

&DSDOGL )0%R\FH0&5XWOHGJH*&0ROHFXODU UHVSRQVH RI D JODVV\ SRO\PHU WR DFWLYH GHIRUPDWLRQ 3RO\PHU

&KDQJ &: 2NDZD ' *DUFLD + 0DMXPGDU $ DQG =HWWO $ 1DQRWXEH SKRQRQ ZDYHJXLGH 3K\V 5HY /HWW

&KDQJ&:2NDZD'0DMXPGDU$DQG=HWWO$6ROLGVWDWH7KHUPDO5HFWLILHU6FLHQFH
'DOWRQ$%2UWL]$FHYHGR$=RUEDV9%UXQQHU(6DPSVRQ:0&ROOLQV65D]DO-0<RVKLGD00HWDO
&ODQF\ 7& *DWHV 760RGHOLQJ RI LQWHUIDFLDO PRGLILFDWLRQ HIIHFWV RQ WKHUPDO FRQGXFWLYLW\ RI FDUERQ QDQRWXEH
FRPSRVLWHV3RO\PHU
'UHVVHOKDXV 06 'UHVVHOKDXV * $YRXULV 3 &DUERQ 1DQRWXEHV V\QWKHVLV VWUXFWXUH SURSHUWLHV DQG DSSOLFDWLRQV
6SULQJHU1HZ<RUN
(VDZL $ 0RUVL . 'LVSHUVLRQ RI FDUERQ QDQRWXEHV &17V LQ DOXPLQXP SRZGHU &RPSRVLWHV3DUW $ 

*RX-+0LQDLH%:DQJ%/LDQJ=<=KDQJ&&RPSXWDWLRQDODQGH[SHULPHQWDOVWXG\RILQWHUIDFLDOERQGLQJRI
VLQJOHZDOOHGQDQRWXEHUHLQIRUFHGFRPSRVLWHV&RPS0DWHU6FL
+LHUDUFKLFDO6HOI$VVHPEO\RI3HSWLGH&RDWHG&DUERQ1DQRWXEHV$GY)XQFW0DWHU
+RVVDLQ'7VFKRSS0$:DUG'.%RXYDUG-/:DQJ3+RUVWHPH\HU0)0ROHFXODUG\QDPLFVVLPXODWLRQVRI
GHIRUPDWLRQPHFKDQLVPVRIDPRUSKRXVSRO\HWK\OHQH3RO\PHU
,LMLPD6+HOLFDOPLFURWXEXOHVRIJUDSKLWLFFDUERQ1DWXUH
-RUJHQVHQ:/23/6DQG23/6$$3DUDPHWHUVIRU2UJDQLF0ROHFXOHV,RQVDQG1XFOHLF$FLGV<DOH8QLYHUVLW\

-LDQJ-:=KDR-+=KRX.DQG5DEF]XN76XSHULRUWKHUPDOFRQGXFWLYLW\DQGH[WUHPHO\KLJKPHFKDQLFDOVWUHQJWK
LQSRO\HWK\OHQHFKDLQVIURPDELQLWLRFDOFXODWLRQ-$SSO3K\VGRL
-LDQJ /< +XDQJ < -LDQJ + 5DYLFKDQGUDQ * *DR + +ZDQJ . & DQG /LX % - 0HFK 3K\V 6ROLGV

.DVXPRY$<'HEORFN5.RFLDN05HXOHW%%RXFKLDW+.KRGRV,HWDO6XSHUFXUUHQWV7KURXJK6LQJOH:DOOHG
&DUERQ1DQRWXEHV6FLHQFH
.XOPL8DQG%DVX6$PROHFXODUG\QDPLFVVWXG\RIWKHIDLOXUHPRGHVRIDJODVV\SRO\PHUFRQILQHGEHWZHHQULJLG
ZDOOV0RGHO6LPXO0DWHU6FL
.\PDNLV($PDUDWXQJD*$-6LQJOHZDOO FDUERQQDQRWXEHFRQMXJDWHG SRO\PHUSKRWRYROWDLF GHYLFHV$SSO3K\V
/HWW
.RPDUQHQL61DQRFRPSRVLWHV-0DWHU&KHP
1LX&06LFKHO(.+RFK50R\'7HQQHQW++LJKSRZHUHOHFWURFKHPLFDOFDSDFLWRUVEDVHGRQFDUERQQDQRWXEH
HOHFWURGHV$SSO3K\V/HWW
3DUN6DQG6FKXOWHQ.&DOFXODWLQJSRWHQWLDOVRIPHDQIRUFHIURPVWHHUHGPROHFXODUG\QDPLFVVLPXODWLRQV-&KHP
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3K\V
3OLPSWRQ6)DVW3DUDOOHO$OJRULWKPVIRU6KRUW5DQJH0ROHFXODU'\QDPLFV-&RPS3K\V
4LDQ''LFNH\(&$QGUHZV5 DQG5DQWHOO7/RDG WUDQVIHU DQG GHIRUPDWLRQPHFKDQLVPV LQ FDUERQ QDQRWXEH
SRO\VW\UHQHFRPSRVLWHV$SSO3K\V/HWW
6DQGOHU-.:.LUN-(.LQORFK,$6KDIIHU063:LQGOH$+8OWUDORZHOHFWULFDOSHUFRODWLRQWKUHVKROGLQFDUERQ
QDQRWXEHHSR[\FRPSRVLWHV3RO\PHU
6HQ5=KDR% 3HUHD' ,WNLV0(+X+/RYH -%HN\DURYD( DQG+DGGRQ5& 3UHSDUDWLRQ RI 6LQJOH:DOOHG
&DUERQ1DQRWXEH5HLQIRUFHG3RO\VW\UHQH DQG3RO\XUHWKDQH1DQREHUV DQG0HPEUDQHV E\(OHFWURVSLQQLQJ1DQR
/HWWHUV
6KLQ-.LP&*HFNHOHU.(6LQJOHZDOOHGFDUERQQDQRWXEHSRO\VW\UHQHQDQRFRPSRVLWHVGLVSHUVLQJQDQRWXEHV LQ
RUJDQLFPHGLD3RO\P,QW
:HL &< 6ULYDVWDYD ' &KR . 7KHUPDO ([SDQVLRQ DQG 'LIIXVLRQ &RHIILFLHQWV RI &DUERQ 1DQRWXEH3RO\PHU
&RPSRVLWHV1DQR/HWW
:HL&<$GKHVLRQDQGUHLQIRUFHPHQWLQFDUERQQDQRWXEHSRO\PHUFRPSRVLWH$SSO3K\V/HWW
;X = %XHKOHU 0- 1DQRHQJLQHHULQJ KHDW WUDQVIHU SHUIRUPDQFH DW FDUERQ QDQRWXEH LQWHUIDFHV $&6 1DQR

=KDQJ <& %URHNKXLV $$ 6WXDUW 0&$ /DQGDOXFH 7) )DXVWL ' 5XGROI 3 3LFFKLRQL ) &URVV/LQNLQJ RI
0XOWLZDOOHG&DUERQ1DQRWXEHVZLWK3RO\PHULF$PLQHV0DFURPROHFXOHV
=KDR -+ 1DJDR 6 =KDQJ =O 7KHUPRPHFKDQLFDO SURSHUWLHV GHSHQGHQFH RQ FKDLQ OHQJWK LQ EXON SRO\HWK\OHQH
&RDUVHJUDLQHGPROHFXODUG\QDPLFVVLPXODWLRQV-0DWHU5HV
=KDR -+ *XR:/ =KDQJ =/ DQG 5DEF]XN 7 6L]HGHSHQGHQW HODVWLF SURSHUWLHV RI FU\VWDOOLQH SRO\PHUV YLD D
PROHFXODUPHFKDQLFVPRGHO$SSO3K\V/HWW
=KDR < 'XDQ <; <XDQ / *XDQ ); 7KH GLVSHUVLRQ RI 6:&17V WUHDWHG E\ GLVSHUVLQJ DJHQWV LQ JODVV ILEHU
UHLQIRUFHGSRO\PHUFRPSRVLWHV&RPSRV6FL7HFKQRO
=KHQJ 4% ;XH 4= <DQ .< *DR ;/ /L 4 +DR /= (IIHFW RI FKHPLVRUSWLRQ RQ WKH LQWHUIDFLDO ERQGLQJ
FKDUDFWHULVWLFVRIFDUERQQDQRWXEHSRO\PHUFRPSRVLWHV3RO\PHU
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&KDSWHU
&RQFOXVLRQVDQG)XUWKHUZRUN
&RQFOXGLQJUHPDUNV
,QWKLVWKHVLVWKHH[SOLFLWVROXWLRQVIRUWKHFRKHVLYHHQHUJ\EHWZHHQFDUERQQDQRWXEHV&17V
JUDSKHQH DQG VXEVWUDWHV DUH REWDLQHG WKURXJK FRQWLQXXP PRGHOLQJ RI WKH YDQ GHU :DDOV
LQWHUDFWLRQ EHWZHHQ WKHP 7KH GHSHQGHQFH RI WKH FRKHVLYH HQHUJ\ RQ WKHLU VL]H VSDFLQJ DQG
FURVVLQJ DQJOHV LV DQDO\]HG 7KH HTXLOLEULXP GLVWDQFHV EHWZHHQ WKH QDQRWXEHV JUDSKHQH DQG
VXEVWUDWHV ZLWK PLQLPXP FRKHVLYH HQHUJ\ DUH DOVR SURYLGHG H[SOLFLWO\ &KHFNLQJ DJDLQVW IXOO
DWRPPROHFXODUG\QDPLFV 0'FDOFXODWLRQVDQGDYDLODEOHH[SHULPHQWDO UHVXOWV VKRZV WKDW WKH
FRQWLQXXPVROXWLRQKDVKLJKDFFXUDF\
%DVHGRQRXUDQDO\WLFDOUHVXOWVRIFRKHVLYHHQHUJ\EHWZHHQWZRVLQJOHZDOOHG&17VWKHWZR
NLQGVRIFRDUVHJUDLQHG&*QRQERQGHGPRGHOVEHWZHHQGLIIHUHQW&*EHDGVDUHV\VWHPDWLFDOO\
DQDO\]HG&KHFNLQJDJDLQVWIXOODWRP0'FDOFXODWLRQVDQGRXUDQDO\WLFDOUHVXOWVZHILQGWKDWWKH
ILUVWQRQERQGHG&*PRGHO LVRQO\HIIHFWLYHXQGHUVPDOOGHIRUPDWLRQVLQFHRQO\ WKHPLQLPXP
SRWHQWLDOHQHUJ\DW WKHHTXLOLEULXPGLVWDQFHEHWZHHQ WZR&17V LV ILWWHG+RZHYHU WKH VHFRQG
QRQERQGHG &* PRGHO KDV KLJK DFFXUDF\ XQGHU ODUJH IRUPDWLRQ ZKHQ WKH HTXLOLEULXP ERQG
OHQJWK(%/RIWZR&*EHDGVLVQRWPRUHWKDQcLQZKLFKWKHDFFXUDF\VWURQJO\GHSHQGVRQ
WKH(%/DQGVKDUSO\GHFUHDVHVZLWKLQFUHDVLQJ(%/!c7KHH[SOLFLWH[SUHVVLRQVRIWKH&*
VWUHWFKLQJEHQGLQJDQGWRUVLRQSRWHQWLDOVDUHREWDLQHGE\WKHVWLFNVSLUDODQGWKHEHDPPRGHOV
)XUWKHUPRUH WKHELQGLQJHQHUJ\EHWZHHQ WZRSDUDOOHO DQG WZRFURVVLQJVLQJOHZDOOHGDQG
PXOWLZDOOHG &17V LV REWDLQHG E\ FRQWLQXXP PRGHOLQJ RI WKH YDQ GHU :DDOV LQWHUDFWLRQ
EHWZHHQ WKHP7KHGHSHQGHQFHRI WKHELQGLQJHQHUJ\RQ WKHLUGLDPHWHUVQXPEHURIZDOOVDQG
FURVVLQJ DQJOHV LV V\VWHPDWLFDOO\ DQDO\]HG7KH FULWLFDO OHQJWK IRU WKHPHFKDQLFDO VWDELOLW\ DQG
DGKHVLRQRIWKH&17VKDVEHHQGHWHUPLQHGE\WKHIXQFWLRQRI(L,LKDQGȖZKHUH(L,LKDQGȖDUH
WKH&17VEHQGLQJVWLIIQHVVGLVWDQFHDQGELQGLQJHQHUJ\EHWZHHQWKHP
)RUFU\VWDOOLQHSRO\PHUVDQDQDO\WLFDOPROHFXODUPHFKDQLFVPRGHOLVGHYHORSHGWRREWDLQWKH
VL]HGHSHQGHQWHODVWLFSURSHUWLHVRIFU\VWDOOLQHSRO\HWK\OHQH$QHIIHFWLYH³VWLFNVSLUDO´PRGHOLV
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DGRSWHG LQ WKHSRO\PHUFKDLQ([SOLFLW HTXDWLRQVDUHGHULYHG IURP WKH/HQQDUG-RQHVSRWHQWLDO
IXQFWLRQ IRU WKH YDQ GHU:DDOV IRUFH EHWZHHQ DQ\ WZR SRO\PHU FKDLQV %\ XVLQJ WKH GHULYHG
IRUPXODV WKHQLQHVL]HGHSHQGHQWHODVWLFFRQVWDQWVDUH LQYHVWLJDWHGV\VWHPDWLFDOO\7KHSUHVHQW
DQDO\WLFDO UHVXOWV DUH LQ UHDVRQDEOH DJUHHPHQW ZLWK WKRVH IURP SUHVHQW XQLWHGDWRP 0'
VLPXODWLRQV
,QSDUWLFXODUZHVKRZWKDWWKHWZRPROHFXODUPHFKDQLFVPRGHOVWKHVWLFNVSLUDODQGWKHEHDP
PRGHOV SUHGLFW FRQVLGHUDEO\ GLIIHUHQW PHFKDQLFDO SURSHUWLHV RI PDWHULDOV EDVHG RQ HQHUJ\
HTXLYDOHQFH 7KH GLIIHUHQFH EHWZHHQ WKH WZRPRGHOV LV LQGHSHQGHQW RI WKHPDWHULDOV VLQFH DOO
SDUDPHWHUVRI WKHEHDPPRGHODUHREWDLQHGIURPWKHKDUPRQLFSRWHQWLDOV:HGHPRQVWUDWHWKLV
GLIIHUHQFH IRU ILQLWH ZLGWK JUDSKHQH QDQRULEERQV DQG D VLQJOH SRO\HWK\OHQH FKDLQ FRPSDULQJ
UHVXOWVRI WKH0'VLPXODWLRQVZLWKKDUPRQLFSRWHQWLDOVDQGWKHILQLWHHOHPHQWPHWKRGZLWKWKH
EHDPPRGHO:HDOVRILQGWKDW WKHGLIIHUHQFHVWURQJO\GHSHQGVRQWKHORDGLQJPRGHVFKLUDOLW\
DQG ZLGWK RI WKH JUDSKHQH QDQRULEERQV DQG LW LQFUHDVHV ZLWK GHFUHDVLQJ ZLGWK RI WKH
QDQRULEERQVXQGHUSXUHEHQGLQJFRQGLWLRQ7KHPD[LPXPGLIIHUHQFHRIWKHSUHGLFWHGPHFKDQLFDO
SURSHUWLHV XVLQJ WKH WZRPRGHOV FDQ H[FHHG LQ GLIIHUHQW ORDGLQJPRGHV&RPSDULQJ WKH
WZR PRGHOV ZLWK WKH 0' UHVXOWV RI $,5(%2 SRWHQWLDO ZH ILQG WKDW WKH VWLFNVSLUDO PRGHO
RYHUHVWLPDWHVDQGWKHEHDPPRGHOXQGHUHVWLPDWHVWKHPHFKDQLFDOSURSHUWLHVLQQDUURZDUPFKDLU
JUDSKHQHQDQRULEERQVXQGHUSXUHEHQGLQJFRQGLWLRQ
)RUDPRUSKRXVSRO\PHUV WKH WHQVLOHDQGVKHDU IDLOXUHEHKDYLRUGHSHQGHQFHRQFKDLQ OHQJWK
DQGWHPSHUDWXUHLQDPRUSKRXVSRO\PHUVDUHVFUXWLQL]HGXVLQJPROHFXODUG\QDPLFVVLPXODWLRQV
$ZLGHUDQJHFKDLQOHQJWKRIDONDQHLVWHVWHGXQGHUWHQVLRQDQGVKHDUZLWKYDULRXVWHPSHUDWXUHV
:HILQGWKDWWKHEURNHQUDWHWKHEURNHQERQGQXPEHUWRDOOSRO\PHUFKDLQQXPEHUUDWLRVXQGHU
WHQVLRQ DQG VKHDU LQFUHDVHV ZLWK LQFUHDVLQJ FKDLQ OHQJWK DQG WHPSHUDWXUH )RU D JLYHQ FKDLQ
OHQJWKDQGWHPSHUDWXUHWKHEURNHQUDWHVXQGHUVKHDUDUHDOZD\VKLJKHUWKDQWKRVHXQGHUWHQVLRQ
DW D VDPH ODUJH VWUDLQ )RU D JLYHQ FKDLQ OHQJWK WKH WHQVLOH DQG VKHDU VWUHVVHV GHFUHDVH ZLWK
LQFUHDVLQJ WHPSHUDWXUH:H SURSRVH WKUHH W\SLFDO IUDFWXUHPHFKDQLVPV WR HIIHFWLYHO\ HOXFLGDWH
WKHGXFWLOHIUDFWXUHUHVSRQVHEDVHGRQWKHSUHGRPLQDQFHRIFKDLQVFLVVLRQSURFHVV
)LQDOO\ WKH LQIOXHQFH RI SRO\PHU ZUDSSHG WZR QHLJKERXULQJ VLQJOHZDOOHG QDQRWXEHV

6:17VGLVSHUVLRQRQWKHLUORDGWUDQVIHULVLQYHVWLJDWHGE\0'VLPXODWLRQV7KHLQIOXHQFHRI
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WKH 6:17V
 SRVLWLRQ WKH SRO\PHU FKDLQ OHQJWK DQG WKH WHPSHUDWXUH RQ WKH LQWHUDFWLRQ IRUFH
EHWZHHQWKHWZRQHLJKERXULQJ6:17VDUHV\VWHPDWLFDOO\VWXGLHG7KHUHDUHIRXUPDLQILQGLQJV
IURPRXUVLPXODWLRQV7KHGLVSHUVLRQDQJOHGRPLQDWHVWKHDPSOLWXGHDQGWKHLQWHUDFWLRQIRUFH
HYROXWLRQ ZLWK RU ZLWKRXW SRO\PHU GXULQJ WKH SXOOLQJ SURFHVV RI WZR 6:17V  7KH FKDLQ
OHQJWKGRHVQ
WDIIHFWWKHWZR6:17V
LQWHUDFWLRQIRUFHZLWKLQDVKRUWVHSDUDWLRQGLVWDQFHWKHVR
FDOOHG )RUFH HQKDQFLQJSRLQW7KHHQKDQFHG ORDGHIIHFW RI WKHSRO\PHU WDNHVSODFH DIWHU WKH
ORDG GLVSODFHPHQW JRHV DFURVV WKLV SRLQW  7KH WHPSHUDWXUH KDV D PLQRU LQIOXHQFH RQ WKH
PD[LPXPSXOO IRUFHZKLOH WKH LQFUHDVHG WHPSHUDWXUHJUHDWO\GHFUHDVHV WKHSXOORXWHQHUJ\ 
%DVHGRQWKHGHWDLOHGDQDO\VLVRIWKHVHSDUDWLRQSURFHVVWKHVHOIUHSDLULQJIXQFWLRQRIWKHV\VWHP
LVIRXQG
5HFRPPHQGDWLRQVIRUIXWXUHZRUN
7KH &* SRWHQWLDOV IRU PXOWLZDOOHG FDUERQ QDQRWXEHV 0:&17V ZLOO EH GRQH VRRQ 7KH
PHFKDQLFDOSURSHUWLHVDQG WKHUPDOFRQGXFWLYLW\RI&17QHWZRUNVGHSHQGHQFHRQ&17OHQJWK
FURVVOLQN GHQVLW\ DQG WHPSHUDWXUH ZLOO EH GRQH E\0' VLPXODWLRQV LQ WKH UHFHQW IXWXUH 7KH
PHFKDQLFDO SURSHUWLHV DQG IDLOXUH EHKDYLRU DV ZHOO DV WKH WKHUPDO FRQGXFWLYLW\ RI DPRUSKRXV
SRO\PHUVGHSHQGHQFHRQFKDLQOHQJWKDQGFURVVOLQNGHQVLW\ZLOOEHGRQHE\0'VLPXODWLRQVLQ
WKH IXWXUH 7KH PHFKDQLFDO DQG WKHUPDO SURSHUWLHV RI &17 DQG JUDSKHQH EDVHG SRO\PHU
QDQRFRPSRVLWHV FRXOG EH GRQH LQ WKH IXWXUH 7KH TXDQWLWDWLYH IUDFWXUH EHKDYLRU RI DPRUSKRXV
SRO\PHUV FRXOG EH DFFRPSOLVKHG E\ IXOO DWRP 0' VLPXODWLRQV LQ WKH IXWXUH ZKLFK LV YHU\
LPSRUWDQWWRWKHVXEVHTXHQWILQLWHHOHPHQWPHWKRGPRGHOLQJWKHPDFURVFDOHIUDFWXUHEHKDYLRURI
WKHSRO\PHUV
)XUWKHUPRUH WKH PHFKDQLFDO DQG SK\VLFDO IXQFWLRQDO &17V ZLWK SRO\PHUV DUH D SRWHQWLDO
VWXG\ ILHOG LQ WKH IXWXUH 7KH PHFKDQLFDO DQG SK\VLFDO &17 UHLQIRUFHG SRO\PHUV FRPSRVLWHV
FRXOGEHDOVRGRQHLQWKHIXWXUHVLQFHWKH\DUHLPSRUWDQWSRWHQWLDODSSOLFDWLRQV
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